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ACTINONAIASLIGAMENTINA AS A BIOMONITOR IN THE GREEN RIVER: 
AN UNIQUE APPROACH FOR ANALYSIS OF ENVIRONMENTAL IMPACTS 
Robert S. Kirkland January 27, 2002 142 Pages 
Directed by: Jeff Jack, Ed Houston, and Doug McElroy 
Department of Biology Western Kentucky University 
Biomonitoring has become an important component in bioassessment programs. 
It is used to maintain high water quality standards, and determine contaminant levels and 
biological affects in areas that have been heavily disturbed. The objectives of this 
research were 1) to improve and apply certain modern biomonitoring techniques and 2) to 
locate possible contaminant sources affecting the flora and fauna of the Green River and 
of Mammoth Cave. Actinonaias ligamentina (Lamarck, 1819), a freshwater mussel, was 
used for interpretation of these impacts as well as refinement of biomonitoring 
techniques. The mussels were collected in the Lawler Bend region of the Green River, an 
area upstream from the Mammoth Cave System, and from Haynes Shell Midden (dating 
4000 - 6000 years before present) 45 miles downstream. Analyzing the shell nacre of 
these mussels, and the soft tissue of recently collected specimens, produced an abundance 
of information including high tissue concentrations of organochloride pesticides, 
significant concentrations of several metals including Cadmium, Copper, Mercury, 
vm 
Nickel, Silver and Zinc (with Mercury and Silver being found at the impact site), and 
numerous shell nacre stains. These results indicated possible impact from agriculture in 
the region and past and present contamination from local industries, and demonstrated the 
importance of the nacreous shell to biomonitoring programs. 
IX 
CHAPTER 1 - BIOMONITORING REVIEW 
INTRODUCTION 
Biological monitoring, also known as biomonitoring, is the use of fauna and flora 
to assess environmental health or ecological integrity of biological systems such as 
streams, rivers and lakes. Biomonitoring has a number of advantages as a water quality 
assessment tool. In recent years, biological monitoring has become increasingly 
important in bioassaying the environment for variety of impacts including toxins. It is 
necessary when concentrations of toxic substances in the water column are below 
detectable limits, when concentrations are too low for prediction of toxic affects, and 
when there is a high degree of variability%of concentrations within the water column 
(Bourgoin 1987). Two types of biomonitoring can be used in assessments: one that 
evaluates pollution before and after a disturbance to an aquatic system, and one that is 
used to enforce regulations and guidelines or ensure appropriate water quality 
(WATERSHEDSS 1997). These assessments can be performed by analysis of indicator 
species, which are sensitive to given pollutants, by analysis of the water column with 
semi-permeable membrane devices (SPMDs) or other physiochemical procedures 
(WATERSHEDSS 1997; Peven et al. 1995; Prest et al. 1995). However, SPMDs are 
useful only in monitoring organic pollution in the water column (Peven et al. 1995). If 
pollutants are not known, indicator species must be used (WATERSHEDSS 1997). 
These include species that indicate sensitivity to the conditions of the aquatic 
environment, or those which are good indicators for a variety of pollutants. They are 
assessed using analysis of biochemical, genetic, morphological, physiological, or 
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ecological change (WATERSHEDSS 1997). When the major pollutants are known, 
indicator species can be chosen according to their susceptibility to the pollutants of 
interest. There are several characteristics that determine the usefulness of biomonitors. 
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PHYSIOCHEMICAL ENVIRONMENT 
While there are many variables affecting the biomonitors used in assessing water 
quality, there are also many factors that affect water quality itself. These factors may 
include the following: 
1) The physical dynamics of substances or "set of concentrations, speciations, and 
physical partitions of inorganic and organic substances"; 
2) The effects of the substances on aquatic life or "composition and state of aquatic biota 
in the water body"; 
3) Environmental variations or "description of temporal and spatial variations due to 
factors internal and external to the water body" (Chapman 1996). 
In fact, for a description of water quality detailed enough, the interactions of water 
velocity (flow rate), water levels, and particulate and dissolved matter must be 
considered. 
Water flow is the first of these to be considered. Although water velocity is 
sometimes constant throughout the column, it can vary depending on the sedimentary 
characteristics that define the channel in which the water flows, such as a narrowing of 
the river (increasing velocity) or a riffle (decreasing velocity) (Chapman 1996). The 
velocity can also change with decreasing depth or seasonal rainfall fluctuations 
(Chapman 1996). All of these factors directly affect the processing of pollutants in a 
river (Chapman 1996). At greater water velocity, organisms suffer less exposure to 
available contaminants than at a lesser velocity. 
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Flow also determines sediment deposition in rivers (Boggs 1995). At low flow, 
sediment is deposited across a river's channel (Boggs 1995). Finer sediments are 
deposited on point bars and lateral bars. These sediments range from 128 mm in 
diameter (cobble) to 0.06 jam (fine muds) (Boggs 1995). The sediments provide the 
necessary habitat for a wide range of aquatic life and contain the higher concentrations of 
heavy metals than coarse sediments (Yagamata and Shigematsu 1970, Oliver 1973, 
Mizobuchi et al. 1975, Asami et al. 1979, Thomson et al. 1984, Saki et al. 1986). 
Leaching from these sediments decreases at low flow, but contaminant concentrations 
increase due to dilution (Gessey et al. 1984, Saki et al. 1986, Chapman 1996). 
Contaminant contributions from continuous sources may vary only slightly, while overall 
flow or volume of water decreases—thereby increasing the overall contaminant 
concentration in the water column as well as affecting the exchange between the water 
column and ground water. High water levels increase the flow from surface to ground 
water, while low levels increase the flow from groundwater to surface water (Chapman 
1996). This partitioning of contaminants is governed by five phases: 1) adsorptive and 
exchangeable; 2) bound to carbonate phases; 3) bound to reducible phases; 4) bound to 
organic matter and sulfides; and 5) detrital or lattice metals (Solomons and Forstner 
1980). Lead, cadmium, and, sometimes, zinc are associated with the first three phases 
and are rapidly released at lowered pH, which makes them more toxic (Pardo et al. 1990). 
Copper, cobalt, and nickel are associated with the last two phases (Pardo et al. 1990). 
Water quality depends most on particulate matter and matter dissolved in 
solution. However, due to low solubilities, dissolved toxic substances adsorb primarily 
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to particulate matter (Roper et al. 1996). Adsorption is particularly important in the 
portion of the water called the substratum, or the layer in which the sediment begins. 
Particulate matter occurs in several biologically important forms. They are 
commonly referred to as suspended solids or the filterable amount from the water as total 
suspended solids (TSS) (Chapman 1996). Sources of these organic inputs include 
erosion, leaf litter, wood, autochonus sources such as algae and insects, and 
anthropogenic sources (Ward et al. 1994). The organic particles that are found result 
from the microbial degradation of organic inputs, fecal pellets, and particulate organic 
material (POM) and dissolved organic material (DOM) aggregation (Ward et al. 1994). 
There are several types of particles that vary in importance, due to the nature of their 
association with heavy metals, Polyaromatic Hydrocarbons (PAH's) and 
organochlorides. This group includes coated organic particles, uncoated organic particles 
and food sources. 
Uncoated organic particles are known to absorb both heavy metals, PAH's, and 
organochlorides, and these particles in turn can release the toxin upon contact with 
mussel tissue (Langston and Bryan 1984). Bioaccumulation of PAH's is known to occur 
more rapidly after particulate uptake (Narbonne et al. 1992). In general, however, 
uncoated organic particles reduce the exposure of organisms to toxic substances through 
the adsorption of toxicants (Widdows and Donkin 1992). Uncoated particulates contain 
the most important particles for heavy metal uptake, the fine-grained oxidized surface 
sediments (Langston and Bryan 1984). 
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Coated organic particles are those that are covered with a layer of humic or fulvic 
acid. They are also known to absorb toxic substances, but the coating is known to greatly 
reduce the toxicity to the organism (Langston and Bryan 1984). Research by Gagnon 
and Fisher (1997) suggests that there is greater bioconcentration from coated organic 
particles than uncoated organic particles. They also went on to state that there was no 
obvious relationship between metal partitioning in sediments and biological availability 
due to the coatings (and acidic pH of the gut). 
Food sources are also known to have an impact on the uptake of these substances. 
The uptake of heavy metals from foods is known to be typically lower than that of the 
dissolved phase (Fisher et al. 1996). Again, PAH uptake is enhanced (Widdows and 
Donkin 1992). Overall, uptake is dependent on speciation, pH, binding affinity, 
abundance, concentration of other ions, and binding capacity of the components 
(Langston and Bryan 1984; Yankovich and Evans 1995). 
Dissolved matter also plays an important role in uptake. It constitutes the largest 
part of trace elements found in mussel shells (Fisher 1996). Metals can, however, 
complex with naturally occurring organic compounds such as humic acid, which greatly 
reduce their bioavailability (Langston and Bryan 1984). Metal absorption also depends 
greatly on speciation. Neutral complexes such as monochloro silver, AgCl0, and neutral 
mercury compounds are more available (Langston and Bryan 1984). Cadmium and 
copper ions are also believed to be more available, although their concentration is 
dependent on salinity and, again, pH (Langston and Bryan 1984). In addition, 
competition between ions is, as before, a factor (Langston and Bryan 1984). In fact, 
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Streit and Winter (1993) have shown that Ca2+ concentrations have a considerable affect 
on bioconcentration, with metal bioconcentration factors in hard water (63-69 mg/L of 
Ca2+) being twice that of soft water (3-6 mg/L of Ca2+). Decreases in DOM can cause 
increasing solubility of aliphatic hydrocarbons from the particulate phase (Widdows and 
Donkin 1992). Increased DOM concentration has also been known to decrease copper 
availability and increase cadmium availability (Widdows and Donkin 1992). These 
mechanisms are also believed to affect PAH's and organochlorides. 
Temperature, salinity and oxygen also have an effect on the solubility of 
dissolved matter. It has been found that at low levels of oxygen, cadmium-sulfur 
compounds form and lower the availability of cadmium in the water column (Fischer 
1986). Salinity and temperature also have a similar effect on availability of dissolved 
matter, but that availability is controlled by biological considerations (Fischer 1986). 
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BIOMONITORS 
Good biomonitors are determined by factors including relative abundance, 
sedentary existence, pollution tolerance or intolerance, long life span, and capability to 
bioaccumulate toxicants (Zimmer 1989). In addition, a thorough knowledge of 
physiological factors and responsiveness is necessary (Zimmer 1989). These indicator 
species should also continuously accumulate pollutants throughout year with documented 
uptake and depuration rates (turnover rates), should not significantly alter toxicants to 
forms differing from the original, and should not regulate pollutant uptake within the 
range accumulated. Most indicator species do not fit all of these criteria 
(WATERSHEDSS 1997; Zimmer 1989). There are many different groups of 
organisms, which have been used as bioindicators, and each has different strengths and 
weaknesses as part of a biomonitoring program. Algae have been used for indicator 
species and show moderate uptake of most metals (WATERSHEDSS 1997; Zimmer 
1989), and have also been used to assess temporal changes in pollutants 
(WATERSHEDSS 1997). Wastewater effluent in particular can be monitored with algae 
in single species toxicity tests (Stewart 1995). However, algae are deficient in their 
bioaccumulation of particulate bound organic and inorganic contaminants (Zimmer 
1989). There is also some question as to the validity of single species tests in which 
algae are most commonly used (Stewart 1995). The advantages of using algae include 
short life cycle and rapid reproduction (both disadvantages as well), direct response to 
disturbances, inexpensive and easy sampling, and existence of standard methods 
(WATERSHEDSS 1997). 
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Aquatic macrophytes are important biomonitors as well. Lemna minor (common 
duckweed) has proven to be eight times more sensitive than fish in acute toxicity tests 
(Somashekar and Siddaramaiah 1991). Aquatic macrophyte communities are also known 
for their sensitivity to the discharge of effluents (Somashekar and Siddaramaiah 1991). 
The advantages of using most aquatic macrophytes for biomonitoring include sessile 
activity, direct response to disturbances, inexpensive and easy sampling, and existence of 
standard methods. 
Finfish have also been used in surveillance of metals and organochlorides 
(WATERSHEDSS 1997). The advantages of finfish include well-known ecology, 
representation at various trophic levels, and value as long-term indicators 
(WATERSHEDSS 1997). There are major disadvantages, however. These include 
migration, responsiveness to changes in the benthic community, and dependence on 
accumulation of pollutants in macroinvertebrates (WATERSHEDSS 1997). 
Nonmigratory species like bass and pike are used to assess mercury and organochlorine 
pollution, and overall, finfish have moderate uptake of cadmium and lead 
(WATERSHEDSS 1997). 
Benthic macroinvertebrates are among the most important bioindicators and have 
many advantages. These include presence in most habitats including small order 
streams, large numbers of species, limited mobility, significant bioaccumulation of toxic 
substances, and collectability due to small size (WATERSHEDSS 1997). Collection of 
benthic macroinvertebrates is also low-impact on the community, and little effort is 
required for collection (WATERSHEDSS 1997). The disadvantages of using 
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macroinvertebrates as biomonitors are comparable to those of other organisms and 
include lack of responsiveness to all impacts, seasonal variations, drifting from area of 
impact, difficult identification, and substrate limitations (WATERSHEDSS 1997). Some 
macro invertebrate taxa have a greater ability to bioaccumulate contaminants than others. 
Barnacles are well known for their extreme uptake of zinc and significant uptake of iron, 
barium, magnesium, chromium, selenium, and mercury (WATERSHEDSS 1997; 
Zimmer 1989). Gastropod mollusks have extreme uptake of copper and zinc 
(WATERSHEDSS 1997). Isopods and amphipods demonstrate extreme uptake of copper 
and zinc, as well as, iron and lead (WATERSHEDSS 1997). Decapods have moderate 
uptake of cadmium and lead (WATERSHEDSS 1997). Polychaetes bioaccumulate 
extreme amounts of copper and moderate amounts of cadmium and lead, and are found in 
polluted marine environments (WATERSHEDSS 1997; Zimmer 1989). However, 
excluding limitations of distribution, life cycle, etc., in freshwater, mussels are the most 
useful of the benthic macroinvertebrate indicators (WATERSHEDSS 1997; Zimmer 
1989; Widdows and Donkin 1992). 
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MUSSELS AS BIOMONITORS 
Mussels are known to accumulate metals in gills and tissues over time and are 
capable of extreme uptake of copper, iron, manganese, lead and zinc, and moderate 
uptake of all other metals (WATERSHEDSS 1997). The Mussel Watch is an important 
biomonitoring project using mussels to analyze trace metals and organic pollutants, with 
Mytilus edulis as the most common biomonitor (WATERSHEDSS 1997; Widdows and 
Donkin 1992). Widdows and Donkin (1992) summarized the advantages of using 
mussels: 
1) Bivalves, such as mussels, are dominant members of coastal and estuarine 
communities and have a wide geographical distribution. This minimizes the 
problems inherent in comparing data for markedly different species. 
2) They are sedentary and are therefore better than mobile species as integrators of 
chemical contamination in a given area. 
3) They are relatively tolerant of (but not insensitive to) a wide range of environmental 
conditions, including moderately high levels of many types of contaminants. 
4) They are suspension-feeders that pump large volumes of water (several liters per hour) 
and concentrate many chemicals in their tissues, by factors of 10 to 105 , relative to the 
concentration in seawater. This often makes the measurement of trace contaminants 
easier to accomplish in their tissues than in seawater. 
5) The measurement of chemicals in bivalve tissue provides an assessment of biological 
availability which is not apparent from measurement of contaminants in environmental 
compartments (water, suspended particulates and sediment). 
6) In comparison to fish and crustacea, bivalves have a very low level of activity of those 
enzyme systems capable of metabolizing organic contaminants, such as aromatic 
hydrocarbons and PCBs. Therefore, contaminant concentrations in the tissues of 
bivalves more accurately reflect the magnitude of environmental contamination. 
7) Mussel populations are relatively stable and can be sufficiently large for repeated 
sampling, thus providing data on short and long term temporal changes in contaminant 
levels. 
8) They can be readily transplanted and maintained in cages to sites of interest, either in 
intertidal zone or subtidally on moorings, where populations would not normally grow 
because of a lack of suitable substrate. 
9) Mussels are a commercially important seafood species on a worldwide basis and 
measurement of chemical contamination is of interest for public health considerations. 
These considerations are applicable in freshwater environments, where mussels have also 
proven useful as biomonitors (Secor et al. 1993; Camusso et al. 1994; Busch and 
Schuchardt 1991; Mersch andPihan 1993; Kraaketal . 1991; Pip 1995; Busch etal. 
1992; Metcalfe and Carlton 1990; Avelar et al. 1991). More specific factors must also be 
considered when studying mussels as biomonitors. 
DISSOLVED AND PARTICULATE UPTAKE 
There are many different aspects of mussel physiology and ecology that affect 
bioaccumulation and bioconcentration. The most important are the uptake characteristics 
of dissolved and particulate matter, regulatory mechanisms controlling the 
bioaccumulation of this matter, the affects of the contaminants on behavior, the 
specificity of uptake in various organs, and other aspects of physiological variability. 
The first area of concern is at the level of dissolved and particulate interactions 
with the mussel. Interactions of dissolved particles are responsible for uptake in the shell 
matrix during secretion by the mantle, while particulate matter is responsible for the 
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majority of toxic substances in the water column and substratum. The described 
compartmentalization of contaminants is due to low solubilities, which mean increased 
hydrophobicity and increased partitioning into mussel tissue (Widdows and Donkin 
1992). Bioconcentration factors (BCFs) are determined by considering this partitioning 
(Widdows and Donkin 1992). Mussels are classified in a functional feeding group 
known as suspension feeders (Wotton 1994). This is because of their gathering, or 
collecting, of particles from the suspension or surface of sediments (Wotton 1994). They 
primarily gather by using gill cilia or cirri to pull food through the intake siphons 
(Wotton 1994). At this point, the particle size is limited by the aperture of the siphon and 
somewhat by the mesh size of the mussel or intercirral space (Wotton 1994). Mesh sizes 
are typically between 2.2 (j.m and 0.5 |am (smaller particles not captured with 100% 
efficiency), which may retain particle sizes from less than 0.6 |nm to 2 |j.m (Wotton 
1994). During the interactions of particles with the gills, mussels select particles 
according to epiparticulate and epicellular cues, coatings and exudates, and push selected 
food towards the mouth (Wotton 1994). Normally, mussels capture particles only 
between 4 |j.m and 11 p.m at 100% efficiency depending on species (Wotton 1994). 
These interactions are responsible for the absorption of dissolved matter and matter 
adsorbed to particulates in the gills. Sphaerid mussels, such as Dreissena polymorpha, 
the zebra mussel, are the exception. 
Once these particles have gone through the selection process, they are fed by the 
labial palps into the gut. The food and particles from this point on are called seston. 
Eventually, digestive enzymes within the gut process the seston. 
13 
The filtration rates can be a significant influence on the bioaccumulation of 
PAH's, organochlorides and heavy metals from these particles and dissolved matter. 
Kraak et al. (1994a) state that the filtration rate of Dreissena polymorpha can be as high 
as 0.2 liters an hour. Due to the small size of Dreissena polymorpha, this rate is 
considerably lower than that of other mussels. These rates are determined by uptake and 
depuration rates that change until the mussel has bioaccumulated or eliminated enough of 
the substance to acquire a steady state with the external environment. Evaluation of this 
contaminant uptake and clearance can be done with toxicokinetic modeling such as 
dQa/dt = k!Qw-kdQa with a mass balance of A = Qw+ Qa 
A = total amount of contaminant in the system (|_ig) 
Qa = quantity of the contaminant in the animal (jag) 
Qw = quantity of the contaminant in the water (p,g) 
k, = conditional uptake rate constant (h1) 
kd = conditional elimination rate constant (h"1) 
(Bruneret al. 1994). 
This equation assumes constant mass of the contaminant in the system and no 
contaminant biotransformation (Bruner et al. 1994). Essentially, these rates determine 
the incidence of contact that contaminated particles and dissolved matter have within the 
mussel; the greater the filtration rate the more particles filtered. In studies of depuration 
rates of copper (Han et al. 1993), it has been shown that when contaminated organisms 
are exposed to fresh water that amounts of contaminant decrease exponentially. Both 
copper and zinc are removed at significant rates over a 6-day period (Han et al. 1993). 
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Their removal is due to biological regulation and the establishment of equilibrium with 
the environment, which is discussed later in the paper. 
Mussels can also absorb pollutants into the shell. Significant amounts of material 
can be absorbed into the organic matrix of the shell in this fashion. Since this 
concentration is dependent on the concentration in the water column, the amounts 
absorbed change, by desorption, to maintain equilibrium. While the outer organic layer 
is exposed directly to the water column and is composed of a semipermeable matrix, the 
inorganic layer is isolated from direct contact and composed of an impermeable matrix. 
The inorganic, nacreous layer usually has only a limited organic content with bound 
metals responsible, which is usually the source of increased variability in results (Lingard 
et al. 1992). 
Knowledge of the various aspects in partitioning of dissolved and particulate 
matter is useful in explaining variability. It's relationships with the bioaccumulation of 
contaminants in soft tissue and nacre allow us to predict variability in results. It is also 
evident that the nacreous shell could be a source for reduced variability dependent on 
organic content. 
REGULATION 
Numerous systems of regulation affect the accumulation of pollutants during their 
passage from the intake siphon to assimilation into tissues and removal. Metallothioneins 
and ferretin, inorganic granules, and lysosomes are responsible for the regulation of 
heavy metals (Widdows and Donkin 1992). The multifunction oxygenase (MFO) 
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system, antioxidant enzymes, and lipid content regulate PAH's and organochlorides. 
Mucus-related depuration can also have an impact on removal of contaminants. 
The regulation of heavy metals is very important. Most heavy metals are 
removed by binding with metallothioneins or lipofuscins. Lobel and Marshall (1988) 
demonstrated that the uptake of zinc in mussel kidneys is not completely subject to this 
type of depuration. Zinc, instead, is mobilized by very low molecular weight ligands (not 
metallothioneins), deposited in lysosomes within the kidney, and eventually transformed 
into inorganic granules bound to lipofuscin, or tertiary lysosomes, by lysosomal 
degradation (Lobel and Marshall 1987). Zinc is eventually excreted in the form of these 
residual bodies (Lobel and Marshall 1987). Other heavy metals, such as copper, are 
believed to follow the same mechanism of elimination (Viarengo et al. 1987). Cadmium, 
however, is bound only to metallothioneins (Viarengo et al. 1987). Metallothionein-
bound cadmium is responsible for cadmium accumulation in the digestive gland and 
cannot be eliminated by lysosomal activity (Viarengo et al. 1987). 
Other mechanisms exist for the removal and degradation of PAH's and 
organochlorides in mussels, including the MFO enzyme system, antioxidant enzymes and 
lipid content. Liposoluble compounds such as PAH's and organochlorides, trigger the 
MFO system and produce oxyradicals, which are toxic to many vertebrate and 
invertebrate organisms (Garrigues et al. 1990; Livingstone et al. 1990). The MFO system 
varies seasonally according to Sole et al. (1995), with activity increasing from February 
to April. MFO activity increase corresponds to an increase in lipid content associated 
with reproduction and is probably due to a decreasing concentration of organic 
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contaminants. The MFO system is dependent on the actions of the cytochrome P450 
system (Garrigues et al. 1990). This reaction is known to occur at low contaminant 
concentrations to protect the mussel from physiological damage (Garriques et al. 1990) 
and increases in activity according to exposure (Sole et al. 1995). Antioxidant enzymes 
are required as a defense to oxyradical production (Sole et al. 1995; Livingstone et al. 
1990). 
Lipid content may be responsible for influencing the efficiency of organic 
contaminant uptake, depending on levels of hydrophobicity (Bruner et al. 1994). It is 
also known to immobilize compounds and prevent them from being biologically active. 
Mucus secretion is another mechanism that regulates contaminant processing 
(Sze and Lee 1995). Sze and Lee (1995) have shown that mussels use mucus secretion to 
depure large amounts of metals (copper). They demonstrated that exposure increased the 
mucus production rate and the mucus had concentrations of copper six times higher than 
the soft tissue (Sze and Lee 1995). 
These regulatory mechanisms can be used to help define parameters for the study 
of contaminant levels in mussels. As can already be seen, there are several metals for 
which increased variability can be expected as well as several that will bioaccumulate in 
larger proportions. 
AFFECTS OF CONTAMINANTS ON FUNCTION 
Contaminant concentrations are regulated to some extent, but they still may affect 
the physiological function of mussels. These responses include changes in valve 
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movement and pumping rates, growth inhibition, and immune-like inhibition as well as 
overall cellular damage. 
Modification of valve behavior in exposed mussels is a well-studied phenomenon. 
In fact, the behavior of the species is so strongly affected by some metals that mussels 
have been considered as early warning devices for rising contaminant levels (Kramer et 
al. 1989; Sloof et al. 1983). When a contaminant causes changes in filtering behavior of 
mussels, that change is considered the detection limit for that contaminant. It has been 
found that for Dreissena and Mytilus limits for antifouling agents like copper (1-10 jag/L) 
are low (Kramer et al. 1989). Cadmium and zinc concentrations had to be at least 100 
times that of copper to alter pumping behavior (Redpath and Davenport 1988). Higher 
metal concentrations has an effect on filtration rates as stated earlier, but amounts 
required for a fifty percent reduction in filtration rate were 41 jig/L for copper, 388 (ig/L 
for cadmium, and 1350 jug/L for zinc (Kraak et al. 1994b). 
Heavy metals may also inhibit growth in some mussels. In a study by Redpath 
(1985), concentrations of copper greater than 2 |ag/L inhibited growth in Mytilus edulis. 
In fact copper was so toxic that fifty percent inhibition occurred at 6 p.g/L quantities, and 
almost total growth inhibition occurred at 15 jag/L (Redpath 1985). Inhibition also 
occurs in the presence of high concentrations of other contaminants, such as arsenic 
(Metcalfe-Smith and Green 1992). It is important to consider growth inhibition when 
conducting biomonitoring studies, because it has considerable impact on the overall 
bioaccumulation of contaminants in mussels. 
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Certain contaminants may also lead to immune-like inhibition in mussels. Some 
toxic compounds such as PAH's cause damage to the lysosomes that accumulate them 
and inhibit phagocytosis (Grundy et al. 1996; Lowe 1996). Grundy et al. (1996) 
demonstrated that concentrations of PAH's of 500 fig/L, which can be found in some 
heavily polluted areas, could cause significant damage to lysosomes and immune-like 
inhibition. This immune-like inhibition could impact the health and growth of the 
mussel, and hence the bioaccumulation of substances in the mussel. 
BIOCONCENTRA TION IN PARTICULAR ORGANS 
As described previously, there is considerable variability in the bioaccumulation 
of contaminants depending on the tissue type. From a bioconcentration perspective, 
tissues can be broken down into three major components: lipid, soft tissue, and shell 
nacre. Organochlorides and PAH's accumulate primarily in the lipid fraction. The soft 
tissue is the primary destination of pollutants from the particulate phase, and the shell is 
the primary sink for those from the dissolved phase. The soft parts of the mussel, such as 
gills, hepatopancreas, kidney, mantle, foot, and adductor muscle, vary in importance and 
significance when considering the amount of trace elements they bioconcentrate. Trace 
element variability in the soft parts has been considered in many studies. Lobel et al. 
(1991a) showed in Mytilus edulis a great deal of the residual variability occurs from 
metals that are stored in insoluble forms. As has been noted, these metals—especially 
heavy metals, lanthanides, and actinides-are isolated from the regulatory mechanisms in 
mussels (Lobel et al. 1989,1991a). Of these, silver, yttrium, strontium, and calcium 
showed the highest variability (Lobel et al. 1989). In Mytilus edulis, alkali metals and 
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nonmetals were very low in residual variability; they were primarily stored in soluble 
forms within the tissue (Lobel et al. 1989, 1991a). Boron, magnesium, and copper 
showed the lowest variability in this group (Lobel et al. 1989). Overall the 
bioconcentration of heavy metals is limited differently by certain organs. Temporally, 
and with increased exposure, these limitations decrease (Amiard-Triquet et al. 1986). 
Bioconcentration was also known to vary significantly due to temperature in all organs 
except for the hepatopancreas and the foot (Everaarts 1990). Furthermore, according to 
Pip (1995), bioconcentration is known to vary significantly from mussel to mussel, 
demanding larger sample sizes. 
There are several organs that are more significant in uptake than others. These 
include the gills, the kidney, and the hepatopancreas. The gills are very important in the 
uptake of trace metals, as many studies have shown. Pip (1995) demonstrated that the 
gills of four freshwater mussels, including Quadrula quadrula and Ligumia recta, 
bioconcentrated a larger amount of copper than any other organ. It has also been 
demonstrated that soluble zinc is bioconcentrated in larger amounts in the gills of Mytilus 
edulis (Burbidge et al. 1994). The gills of Mytilus edulis are important in the uptake of 
cadmium, copper, and zinc with a greater primary uptake than the visceral mass as a 
whole (However, as previously mentioned, the hepatopancreas and kidneys are more 
responsible for the uptake and storage of zinc and cadmium.) (Amiard-Triquet et al. 
1986; Everaarts 1990). Overall residual variability for bioconcentration in the gills was 
shown to be the lowest (Lobel et al. 1991a). 
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The kidneys are also very significant in the bioconcentration of trace elements. 
The kidney accumulates high levels of many metals, the most significant of which are 
calcium, iron, and zinc (Lobel et al. 1991a). In fact, Streit and Winter (1993) 
demonstrated that concentrations of cadmium in the kidneys of Anodonta anatina were 
higher than those in any other organ. The same was demonstrated for Mytilus edulis by 
Everaarts (1990), who also found that cadmium loss was also greatest from the kidneys. 
The kidneys are also very important in the role of uptake of particulate zinc in Mytilus 
edulis (Burbridge et al. 1994). They are, however, responsible for the highest variability 
in elemental concentrations of organs due to their role in the storage of trace elements 
(Lobel et al. 1991a). Particularly high variability was demonstrated by zinc, silver, lead, 
yttrium, and uranium (Lobel et al. 1991a). 
The hepatopancreas, or midgut, is equally as important. Research indicates 
concentrations of cadmium in the hepatopancreas are high in some mussels but not in 
others (Everaarts 1990; Streit and Winter 1993). It is also very important in the uptake of 
particulate zinc and subsequent clearance to the kidney (Burbridge et al. 1994). Large 
concentrations of aluminum have been found in the hepatopancreas of Mytilus edulis, due 
to undigested sediment in the gut, and possibly insoluble aluminum (Lobel et al. 1989; 
Lobel et al. 1991a). Due to these factors, the digestive gland has a high degree of 
residual variability (Lobel et al. 1991a). 
Other organs, including the foot, mantle, adductor muscle, and heart, are also of 
particular significance. Cadmium uptake in Mytilus edulis is greater for the foot than the 
mantle or the adductor muscle; the latter two have approximately the same uptake 
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(Everaarts 1990). Streit and Winter (1993) also found low concentrations of cadmium in 
the foot and muscle tissue of Anodonta anatina. Pip (1995) demonstrated that for five 
species of freshwater mussels, the heart and hemolymph accumulated more cadmium 
than any other organ. However, these results were not compared to the kidney or 
hepatopancreas. The foot proved to have variability of trace elements almost as high as 
that of the kidneys, due to mucus, adhering elements, or adsorption (Lobel et al. 1991a). 
Uptake in the shell is substantially different from that of the soft parts and is 
determined by the structure of the shell. There are three important layers in the shell: the 
periostracum, the calcite layer and the aragonite, or nacreous layer. Of these, the most 
important for study is the aragonite layer. This layer is isolated from outside elements 
and adsorption, which would produce variability (Peunte et al. 1996). The extrapallial 
fluid secreted by the mantle, which does not interact with the outside environment, 
deposits the aragonite layer (Peunte et al. 1996). Also, trace elements in the aragonite 
layer are not subject to mobilization after they are deposited within the shell matrix 
(Peunte et al. 1996). The lower variability in the aragonite layer means that 
measurements are more precise for the assessment of pollution (Peunte et al. 1996). 
Trace elements are deposited within the aragonite layer in variable amounts, 
because of the nature of their association with the constituents of the shell matrix. The 
matrix is generally composed of calcium carbonate with a small amount of organic 
constituents (Lingard et al. 1992). The organic constituents generally range less than 4%, 
which allows for only limited exchange after the shell layers have been deposited 
(Lingard et al. 1992). Lower organic concentrations, however, mean that metal 
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concentrations in the shell are low (Van Der Velde 1992). Levels of zinc, copper and 
cadmium are especially low because they do not bind strongly with the calcium 
carbonate layers (Van Der Velde 1992). Peunte et al. (1996) demonstrated zinc to be two 
orders of magnitude lower in concentration within the shell as opposed to the soft tissue, 
cobalt and nickel one order lower, and chromium about the same. In the same study, 
cobalt, chromium, and copper had no correlation with sediment levels, while lead had a 
very strong positive correlation. Strontium levels in the nacreous shell are also well 
correlated to sediment levels, as the chemical similarities between calcium and strontium 
allow it to be readily deposited within the matrix (Kinney et al. 1994). Cadmium (1.14 
A) and lead (1.20 A), which have similar atomic sizes to calcium (1.18 A), undergo 
isomorphic substitutions for calcium, with lead being much more prominent in the matrix 
due to its more similar size (Lingard et al. 1992). Bourgoin (1990) demonstrated that 
lead concentrations in the shell had a lower variability than concentrations in the soft 
tissue. Higher pHs in the extrapallial fluid of freshwater mussels may present 
significantly different metal uptake than Peunte et al. (1996) experienced (McMahon 
1991). The importance in this variability of trace metals within mussels is very relevant 
to the nature of this research. It is important to consider both aspects of the shell and soft 
body when approaching the problem of variability and elemental analysis. From this 
approach, it can be easily seen that the best way to detect lead contamination will be to 
characterize lead concentrations in the nacreous shell. However, it is necessary for the 
organic content to be low, as organic content is responsible for increased variability from 
the adsorption of trace metals (Lingard et al. 1992). 
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PHYSIOLOGICAL VARIABILITY 
There are important biological factors, in addition to the specificity of organs, that 
affect contaminant concentrations in mussels including sex, age, growth rate, length 
(shape), body weight (size), behavior, and season. These factors have been analyzed in 
recent research to improve protocols for biomonitoring. 
Length, or shell shape, is a very important factor influencing heavy metal 
concentrations. Length was shown to have a correlation with fourteen out of eighteen 
elements in a study by Riget et al. (1996). In this study, there was a positive correlation 
shown with sodium, cadmium, bromide, lanthanum, cerium, and europium and a negative 
correlation for scandium, iron, selenium, rubidium, copper, cesium, thorium, and arsenic. 
The only elements with no correlation were zinc, chromium, mercury and cobalt. Lobel 
et al. (1991b) state that, since length is associated with physiological growth, the 
maximum length at the mussel sampling sites should be similar in order to reduce 
variability. 
Chronological age of the mussel is important as well. Lobel et al. (1991b) and 
Metcalfe-Smith et al. (1996) indicate that there is very little correlation between age and 
contaminant concentration in the marine mussel, Mytilus edulis, and the freshwater 
mussels Elliptio complanata and Lampsilis radiata radiata. However, for Mytilus edulis, 
Zimmer (1989) found strong correlations between age and cadmium and chromium 
concentrations, as well as other biological factors such as size and shape. Westermark et 
al. (1996) showed correlations between the age of the Arctic shellfish Arctica islanda and 
iron, cobalt, and selenium concentrations, with the first two being negatively correlated. 
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In a study by Metcalfe-Smith et al. (1996), age was significantly correlated to all of the 
metals tested except chromium, lead, and selenium, and was more strongly correlated to 
cadmium and mercury content than to species. 
Growth rate is another very important factor in bioaccumulation. There are many 
factors that affect growth rate, which in turn influence contaminant uptake. Bailey and 
Green (1988) demonstrated increased shell thickness, or growth, in areas where the shell 
was exposed (with more turbidity and current), or in a sandy substrate. This type of 
growth response would produce a significant difference in elemental concentrations and 
introduce variation between the shells of exposed and unexposed mussels. Temperature, 
salinity and dissolved oxygen have also been found to have an impact on growth rates 
(Fischer 1986). Temperatures above physiological optimum (15.4° C in Mytilus edulis) 
decreased the growth of soft tissue but increased the binding of cadmium in soft tissues 
and the growth of a thin shell (Fischer 1986). Deposition of the shell also decreased 
below physiological optimum. Mytilus edulis also demonstrated a change in growth rates 
for extreme salinities (Fischer 1986). Dissolved oxygen levels were positively correlated 
with growth (Fischer 1986). Fischer (1986) also showed this data indicated a strong 
relationship between cadmium accumulation and growth rate. In their study of 
freshwater mussels, Metcalfe-Smith et al. (1996) found the growth rate to be negatively 
correlated to cadmium, iron, mercury, manganese, lead, and selenium accumulation in E. 
complanata, and iron and manganese accumulation inZ. r. radiata. Lobel et al. (1991b) 
suggested the use of mussels from areas with individuals of equal maximum size to 
account for growth. Sex is another factor for consideration. Lobel et al. (1991b) 
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showed a significant correlation for thirteen out of twenty-four elements, with 
manganese, copper, arsenic, and selenium being the most strongly correlated for females, 
and having a higher concentration than males. On the other hand, Metcalfe-Smith et al. 
(1996) could find almost no correlation between sex and metal content for freshwater 
mussels. Concentrations of cadmium, mercury, and zinc were only marginally correlated 
after consideration of one hundred and forty samples. Lobel et al. (1991b) solution to 
this effect, after finding a significant correlation for the majority of elements, was to 
include a composite sample of twenty-five mussels of each sex from each site. 
The relationship of body size to PAH's, organochlorides, and trace metal 
concentrations has been well studied. A strong positive correlation between size and 
hydrophobic organic contaminants exists in Mytilus edulis according to Gilek et al. 
(1996). They found that the correlation was caused by size-related differences in uptake 
rate. For trace metal uptake there was also a strong positive correlation to size for 
Mytilus edulis (Lobel et al. 1991b; Zimmer 1989). For freshwater mussels, Metcalfe-
Smith et al. (1996) found that, while the age-size parameter was significant for nine out 
of twelve metals in their study, only copper could be correlated with size in previous 
studies. This correlation was, in fact, negative, with smaller mussels having higher 
concentrations. 
Seasonal, or temporal, variations play a very important role in contaminant 
accumulation, especially for organochlorides and PAH's. Seasonal fluctuation in body 
size, lipid content and PCB content has been noted in several studies (Kraak et al. 1991; 
Lee et al. 1996; Hummel et al. 1990). Both the studies of Kruse et al. (1996) and 
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Hummel et al. (1990) indicate high PCB concentrations in the winter related to 
gametogenesis and poorer nutrition. Due to the increased accumulation of contaminants 
from equilibrium partitioning (the sorting of contaminants between lipids and the water 
column), PCB concentrations during the winter are initially negatively related to the 
body's lipid content (Hummel et al. 1990; Kruse et al. 1996). A decrease in PCB content 
takes place from early to late summer; this decrease can be related to the removal of 
lipids due to spawning and to PCB dilution attributed to lipid production associated with 
increased nutrition (Lee et al. 1996; Hummel et al. 1990). 
McCloskey et al. (1995) demonstrated the behavior of mussels is not significant 
in contaminant uptake. In their study of Corbicula fulminea, there was movement or 
clustering with differing sediment types and no migration from large patches of 
contamination. They further demonstrated that the clams could only effectively escape 
contaminated patches less than 200 cm in diameter. 
A protocol that considers the physiological aspects of mussels was used to take 
these factors into account. 
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BIOLOGY OF Actinonaias ligamentina, THE COMMON MUCKET 
HABITAT AND RANGE 
Actinonaias ligamentina (Lamarck, 1819), Subfamily Lampsilinae, is known to 
occupy a wide range of habitats in the United States to include a general distribution in 
the upper Green, Licking, and Big Sandy rivers in Kentucky (Cicerello et al. 1991; 
Cicerello pers. comm. 1998; Schuster pers. comm. 1998). Within this range, it prefers 
rivers of medium to large size and gravel or mixed sand and gravel substrate (Cummings 
and Mayer 1992). 
MORPHOLOGICAL CHARACTERISTICS AND PHYSIOLOGY 
The morphology and physiology of Actinonaias are unique and important in 
determining what methods will need to be utilized during collection and characterization. 
The morphology, initially the most important aspect, makes Actinonaias an interesting 
organism to study. It has a large, thick, elliptical or oblong shell with a rounded anterior 
end and a bluntly pointed posterior end (Cummings and Mayer 1992). The umbos on the 
shell are elevated slightly above the hinge line (Cummings and Mayer 1992). Overall, 
the shell is smooth and yellowish brown with light green rays becoming dark brown with 
faint or absent rays (Cummings and Mayer 1992). The nacre is white, occasionally 
becoming tinged with pink or salmon at the posterior end (Cummings and Mayer 1992). 
Many aspects of Actinonaias physiology have been studied including shell 
morphology and composition, internal regulation and particle capture. Actinonaias is a 
freshwater burrower in benthic sediments that uses its muscular foot for locomotion 
(McMahon 1991). It possesses greatly enlarged gill structures, which are the primary 
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source of food gathering (McMahon 1991). These gill structures have ostia that open 
into a centralized water tube through which gill filament cilia force water so it can exit 
the organism (McMahon 1991). The gills are also respiratory exchange organs, which 
introduce dissolved oxygen into the hemolymph (McMahon 1991). The hemolymph is 
circulated in an open circulatory system by a heart (McMahon 1991). The kidney filters 
the fluid that is forced out of the hemolymph in the auricles and veins, removing larger 
particles by active transport (McMahon 1991), the probable reason for high 
concentrations of metals in the kidney and heart. The stomach in the freshwater mussel 
has a ciliated ridge, called the typhlosole, which moves particles back and forth several 
times, carrying off the smaller particles to be digested in the diverticulum and egesting 
the other particles in the feces (McMahon 1991). Cells in the diverticulum use 
endocytosis to take up the fine food particles produced in this fashion (McMahon 1991). 
It is possible that this process and the low pH are initially responsible for the uptake of 
large amounts of cadmium. The understanding of these processes definitely provides 
insight into the problems of contaminant uptake and allows them to be clearly visualized. 
REPRODUCTION AND RECRUITMENT 
Reproduction and recruitment are two very important aspects of the ecology of 
Actinonaias. Lampsilid mussels are sexually dimorphic, with sex being determined early 
in development; in females, the posterior portion of the valves are greatly inflated 
(McMahon 1991). They reproduce ovoviviparously once a year, in June, by brooding 
embryos in their gills (McMahon 1991). When mature enough, the glochidial larvae are 
released through gill pores into the exhalant siphon and out into the water (McMahon 
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1991). At this point, the brood size ranges between 2xl05 and 17xl06 (McMahon 1991). 
These glochidia attach to fish gills, where they mature into juveniles (McMahon 1991). 
This attachment obviously limits the mussels to the same range as the host species of 
fish. These glochidia spend from 6 to 160 days attached to the fish before completing 
metamorphosis and settling to the sediment (McMahon 1991). Recruitment from this 
stage is only between 0.002 and 0.17 juveniles per female per year (McMahon 1991). 
However, after they are mature, the mussels have a high survivorship (McMahon 1991). 
These characteristics indicate that Actinonaias populations should have numerous 
individuals in the selected size class. 
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CHAPTER 2 - RESEARCH 
INTRODUCTION 
This study was designed to demonstrate the effectiveness of Actinonaias 
ligamentina as a biomonitor and to assess the water quality of areas upstream from 
Mammoth Cave National Park. As stated in Chapter 1, there were several advantages to 
the use of biomonitors. They can be used to detect toxic substances that are below the 
detection limits or highly variable in concentration in the water column. In this study, 
organic contaminants and trace metals needed to be monitored. Organic contaminants, 
especially some pesticides, are known to bind with the surface of fine sediments, which 
could make their detection in a riparian environment difficult. Some trace metals are 
transported in the same fashion, thereby decreasing the concentration of these 
contaminants partitioned to the water column and increasing the variability in those that 
are detected. 
The biomonitor in this study was chosen with the consideration of the qualities 
that made it most useful. These included abundance, pollution tolerance, long life span, 
sedentary existence, and capability to accumulate toxicants. Other qualities included 
continuous accumulation of pollutants, no significant alteration of pollutants, and no 
regulation of pollutant uptake. 
Mussels have many other qualities, which further increase their importance as 
biomonitors. These are summarized by Widdow and Donkins (1992) and listed earlier, 
but include suspension feeding with a large filtering capacity, sufficiently large 
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populations for repeated sampling, sufficiently large size for elemental analysis, and 
commercial importance—not to mention the minimal impact transplanting has on them. 
This research was focused on the analysis of contaminants in two different 
compartments, the nacre and soft tissue. Nacre concentrations in mussels reflect 
contaminant concentrations in the water column at the time the nacre was secreted, as the 
nacre is isolated from the continuous effects of equilibrium partitioning observed in 
mussel soft tissue. Soft tissue concentrations reflect current contaminant concentrations, 
especially from particulate matter (food sources), with some residual metals present in 
the mussel gut; thus the nacre is an environmental archive to past trace metal 
concentrations, and the soft tissue as the recipient of hydrophobic contaminants with low 
solubility, especially organic contaminants. 
Trace metals of particular concern in the nacre and soft tissue included cadmium, 
copper, chromium, lead, mercury, nickel, silver and zinc. Cadmium, chromium, lead, 
mercury, and zinc are all products of fossil fuel or coal burning. Cadmium, chromium, 
copper, nickel, silver and zinc were products of metal plating. Chromium is a known 
carcinogen, cadmium, lead and nickel are anticipated carcinogens, and mercury is a 
possible carcinogen. All of these metals caused adverse health effects at high levels. 
PAH's and organochlorides of the lipid fraction of the soft tissue were also of 
concern. PAH's are products of the incomplete combustion of fossil fuels, are produced 
by boat traffic and found in the runoff from urban areas, and can produce adverse health 
effects when found in high enough concentrations. The three PAH's with 'top-twenty' 
priority according to the United States Environmental Protection Agency (EPA) are 
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Benzo(a)pyrene, Benzo(b)-fluoranthene, and Dibenz(a)anthracene. These PAH's along 
with Benzo(a)anthracene, Benzo(k)fluoranthene, Indeno(l,2,3-cd)pyrene, and 
Benzo(g,h,i)perylene are known carcinogens. Other common PAH's are Phenanthrene, 
Fluoranthene, Chrysene, Anthracene, Napthalene, 2-Methylnapthalene, Acenapthylene, 
and Fluorene. Although the high molecular weight PAH's demonstrate more chronic 
toxicity, the low molecular weight PAH's are more acutely toxic. All of these were 
characterized during the analysis described later. 
The organochlorides included PCB's, which are common products of industrial 
processes and organochloride pesticides commonly used for commercial and private pest 
management. Some organochloride pesticides are anticipated carcinogens as are PCB's 
and are responsible for adverse health effects at high concentrations. There are several 
industries in the Upper Green River Basin, which might produce PCB's, and many 
agriculture operations, which might apply organochloride pesticides. 
SAMPLING AREA 
The sampling area was comprised of sites on the Green River between 
Munfordville and the Mammoth Cave National Park (MCNP) boundary (Figure 1). This 
region of the river was of concern, as the water quality in this region can affect water 
quality further downstream in MCNP. Mammoth Cave is a UNESCO International 
Biosphere Reserve and a World Heritage Site, which adds even more importance to 
maintaining good water quality within the park and promotes healthy biota. 
Unfortunately, MCNP is already known to possess water quality conditions poor enough 
to adversely affect fish and macro- invertebrate populations (Mieman pers. comm.). Data 
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from surveys conducted by Mieman and others at MCNP indicate that metal (Appendix 
A) and pesticide concentrations increase in the water column with high turbidity, 
possibly making sediments a major component in a transport mechanism for 
contaminants moving into the park. 
There are many possible sources of pollution along this stretch of the Green 
River. These include point and non-point sources, which can be broken into 3 major 
areas of concern: 1) incidences of pollution affecting Hidden River Cave Complex, 2) the 
Caveland Sanitation (formerly Horse Cave) Authority wastewater outfall, and 3) 
disturbances and pollution related to land use (not including urban impacts such as waste 
water). The first two of these warrant further discussion in the following paragraphs; the 
landuse in the region transitions from agriculture with a multitude of uses (a well 
documented source of impacts) to forest near the MCNP boundary. 
Numerous instances of past pollution have occurred affecting Hidden River 
Complex, which has 46 springs at 16 locations along a five-mile stretch of the Green 
River (Quinlan and Rowe 1977). There have been several large spills, as well as 
intentional dumping or disposal of sewage and trash down sinkholes, which could be a 
source of pollutants affecting this complex. For example, in 1979 a truck full of diesel 
overturned and its contents entered the Hidden River Complex through a sinkhole 
(Quinlan et al. 1983). In addition, before 1964 industrial waste and sewage was dumped 
or filtered into sinkholes in this area (Quinlan and Rowe 1977). In 1964, the Horse Cave 
wastewater treatment plant went into operation and used a trickling filter to discharge 
waste into the Hidden River Cave (Quinlan and Rowe 1977). A metal plating facility, 
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Ken-Dec, Inc., went into operation in 1970, adding chromium, nickel, zinc, and copper 
waste to the already overburdened treatment plant (Quinlan and Rowe 1977). Toxic 
levels of these metals eventually found their way to the Hidden River Complex (Quinlan 
and Rowe 1977). Sewage was also found to enter Garvin Cave from a faulty sewer line 
between a motel and the treatment plant (Quinlan et al. 1983). In 1990, it was found 
that even the Mammoth Cave System had become polluted, and in some cases sewage in 
Mammoth Cave exceeded the state water quality standards (Anonymous 1990). 
The Caveland Sanitation Authority (CSA), formerly known as Horse Cave Water 
and Sewer Company (mentioned above), is another potential source of pollution to 
consider. The CSA Waste Water Treatment Plant Outfall lies on a stretch of the Green 
River upstream from the Mammoth Cave System near Weet Spring of the Hidden River 
Complex (Figure 1). The CSA Waste Water Treatment Plant on the Green River has 
been in operation since 1989 and discharges an average of 250,000 gallons of effluent per 
day with a peak discharge of 300,000 gallons per day during the summer (Anonymous 
pers. comm.). The effluent is composed of 2 ppm suspended solids, 1 ppm biological 
oxygen demand, and no toxicity (Anonymous pers. comm.). The CSA determines 
toxicity by biomonitoring of effluents with two different organisms before they are 
combined and discharged into the Green River (Anonymous pers. comm.). For CSA to 
comply with EPA regulations and guidelines, Commonwealth Technology, Inc. 
monitored the effluent from 1990-8, performing only toxicity tests from 1997-8 
(Anonymous pers. comm.; Floyd pers. comm.). They noted biological impact from the 
discharge of the effluent during this period, especially among benthic macroinvertebrates 
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(Floyd pers. comm.; CTI 1990-6). This impact included a 50% reduction in Actinonaias 
populations from the control site to the site directly downstream from the point of 
discharge (Appendix B), as well as a 25 50% reduction of several species of 
Ephemeroptera (Floyd pers. comm.). It should be noted that these population densities 
rebounded quickly at a third sampling site, or recovery site, downstream (Floyd pers. 
comm.). Analysis of data accumulated during biomonitoring of the sites from 1990-6 
indicated that these changes in Unionid and Ephemeroptera populations may be 
associated with increased concentrations of heavy metals in the water column, as well as 
increased particulates (CTI 1990-6). An unpublished study of a wastewater outfall on a 
2nd to 3rd order stream by Birge and Shaw (1998) also indicated that macroinvertebrate 
communities were moderately impacted. In fact, this impact was attributed to total 
recoverable metals (Birge and Shaw 1998). The impact, in this case, may have been the 
Ken-Dec, Inc. metal plating facility, as they reported the transfer of waste containing 
heavy metals, cyanide, and other toxic substances to the CSA until the end of 1990 (EPA 
1999). 
With the CSA having discontinued monitoring, there is some concern that the 
water quality downstream may be impaired and that Mammoth Cave National Park will 
be affected. However, this application for discontinuation of monitoring is not an 
uncommon practice. Further investigations into the concentrations of contaminants 
bioaccumulated in Actinonaias are likewise of great importance. 
The purpose of this research was two-fold: 1) to improve on biomonitoring 
techniques and reduce variability in elemental analysis, and 2) to locate possible 
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contaminant sources which may impact the Green River and Mammoth Cave National 
Park. It involved the application and improvement of these techniques in order to assess 
a twelve-mile stretch of the Green River. Specifically, the research included the 
characterization of toxic substances bioaccumulated in the native mussel Actinonaias 
ligamentina (Lamarck, 1819), the common mucket (Figure 2). Any physical impacts on 
the mussel populations were assessed as well. To provide a reference to data obtained 
from the recently collected mussels, archaeological specimens were analyzed (Figure 3). 
It should be noted that solutioning or resolutioning would not have had a significant 
impact on the trace elements contained in the calcium carbonate matrix of these shells 
(Siewers pers. comm.). 
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METHODS 
SAMPLING AREA 
The sampling area consisted of five sampling sites in a stretch of the Green River 
from Munfordville to the Mammoth Cave National Park boundary. Consideration of the 
effect of the historical pollution of the karst system and the wastewater outfall influenced 
our choice of sampling sites. The locations of these sites are indicated in Figure 1 and 
are the same as those chosen by Commonwealth Technology. The sampling sites were 
also chosen so mussels could be used to determine which of the contaminant sources 
impacted the river. These sites were located immediately upstream from point bars, 
where sedimentation of particulates should occur and where point bars in the river 
separate the water flow (Figure 4), thus providing an excellent opportunity to 
characterize contaminants impacting areas upstream. 
Exact site locations were determined by a handheld Global Positioning System 
(GPS) in degree-minute format (Table 1). 
Table 1: Sampling Sites 
Site # Name Location 
1 Reference N 37°14.740' W 85°55.988' 
2 Impact (CSA Outfall) N 37°14.578' W 85°56.525' 
3 Recovery (CSA Outfall) N 37c15.190' W 85°56.806' 
4 Impact 2 (Beaver Spring) N 37°14.568' W 85°57.50' 
5 Recovery 2 (Beaver Spring) N 37°14.284' W 85°58.85' 
The first sampling site, along with Sites 2 and 3, was located in the Lawler Bend 
region of the Horse Cave, Kentucky United States Geological Service (USGS) 7.5' 
Quadrangle. Site 1 was placed upstream of the Hidden River Complex and the CSA 
outfall to provide reference data free from the influence of these possible contaminant 
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sources, which were located immediately downstream. It was also located 6 miles 
downstream from Munfordville to minimize any impact from the waste water outfall 
located there. Site 2 was downstream of the CSA outfall. This combination defined the 
relative effects of the sewage and the Hidden River Complex. The third site was located 
at the point bar immediately downstream from Site 2. Precipitation of some 
contaminants at Site 2 allowed for recovery at this site, although this region of the river 
was still influenced by the outflow from the Hidden River Complex. Two additional 
sites, one immediately downstream from Beaver spring of the Hidden River Complex 
and the other a recovery site, were used to determine the impacts of a spring with 
substantial flow (and the Hidden River Complex) on overall water quality (Table 1). 
These sites were located in the same Quad, as the other sites, and contained substantial 
populations of Actinonaias ligamentina. 
The midden samples were obtained from Haynes Shell Midden located in the Big 
Bend region of the Green River, Butler County, Kentucky. This location is 46 miles 
from the first three sampling sites at Lawler Bend. A recent paleoenvironmental analysis 
of the midden shells with the UNIO (version 3) spreadsheet indicates that most 
conditions 5000 years ago were similar to the pre-impoundment conditions of this section 
of the Green River: a large to medium river with swift current, depth between 0.5 to 
2.0m, and a gravel - sand substrate (Morey and Crothers 1998). More importantly, the 
conditions, other than the current, are similar to those at the sites that were sampled for 
this research. Specimens from catalog groupings number 2, 11, and 12 were used for 
elemental and morphological analysis. These correspond to the control (level 15 - 17.5), 
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level 16 (160 - 170 cm), and level 17 (170 - 180 cm), respectively. Charcoal from the 
lower part of the shell dense zone containing these levels was dated at 4850±60 BP 
(Before Present). 
FIELD METHODS 
All specimens or samples were collected randomly along a transect 2 meters wide 
approximately 3 meters upstream from a point bar. Additional methods varied according 
to the type of specimen. 
Methods of Moriarty and Hanson (1998) were used in sampling of the sediments. 
The six sediment samples were taken at each site by scooping two handfuls of sediment 
(by hand). These samples were stored in 2.5 mil polyethylene storage bags. 
The water column was sampled similarly. Six grab samples were collected 
underneath the surface at each site. These samples were stored in 250-mL Nalgene 
sample bottles. A YSI meter was used at these locations to obtain instream 
measurements for dissolved oxygen, specific conductivity, turbidity, and temperature of 
the water. The float method was used to sample the water flow at each location. This 
method consisted of timing a Nalgene bottle as it floated 3 meters downstream. 
Mussels were collected during low flow by searching through the substrate by 
hand. The specimens were taxonomically classified immediately after collection, and 
returned if they were not the correct species. Only specimens 70% of maximum size 
were retained, keeping samples of 6 mussels total, from a site. Even though Actinonaias 
sp. is not a protected species, we kept sample sizes small to minimize impacts on local 
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populations. These mussels were immediately stored in 2.5 mil polyethylene bags and 
catalogued upon return to the lab. 
Midden specimens consisted of 10 well-preserved Actinonaias ligamentina right 
valves (hinge anterior front). The specimens were randomly selected from those 
recovered from the two different horizontal levels of the lower shell dense zone of the 
midden and a sample (#2) composed of specimens from all three levels (control). These 
specimens were recovered from the midden debris by the flotation method, or removed 
piece by piece from the excavation site for the control method (Morey and Crothers 
1998). They were subsequently stored in polyethylene bags and catalogued as the recent 
specimens were. The recent specimens were frozen in a -20°C deep freeze back in the 
lab according to the methods of Hanna (1992). 
SEDIMENT ANALYSIS 
Sediment samples were stored in the polyethylene storage bags at 23°C for 2 - 3 
weeks. The samples were then dried to a constant mass at 90° C for 48 hours. A sieving 
tier was used to sort the sample, and mean, deviation, skewness, and kurtosis of particle 
size were determined. The fine particle fraction was of particular importance, as those 
particles were the ones likely to be involved in transport of contaminants to the mussels. 
Methods of Moriarty and Hanson (1998) were used to prepare sediment samples as well 
as to determine the relationships between sedimentary textures. Time and temperature of 
drying varied from their methodology due to the water content of the samples. 
Additional analysis of the fines, particle size >230 mesh, was done with a JEOL 
JSM-5400LV Scanning Electron Microscope, as the surface texture of fines could 
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possibly affect contaminant uptake by mussels. The analysis was performed at High 
Vacuum, 15 keV, and 300x magnification to determine approximate numbers of coarse 
and smooth textures for all grain sizes. For each sediment sample, a mounting stub was 
covered with carbon tape, which was used as adhesive for a representative amount of 
sediment. To determine this amount, the sediment was spread with a razor blade into 
particle monolayer on a note card. The stubs were then coated with gold in an 
EMSCOPE SC500 sputter-coater to prevent backscatter and increase contrast. Nine 
different sections of each stub were examined, and percentages of smooth-textured 
particles were determined. Photographs were made of each stub analyzed for later 
interpretation. The percentages for each section were grouped into overall percentages 
for each sediment sample. Smooth texture was determined by observing the surface in 
much the same way as one does for determination of roundness, an estimate of angles on 
the particles surface. 
Uncoated samples were also examined to approximate elemental composition of 
the sediments from each site. The samples were examined with a Kevex Super Quantum 
Elemental Detection System (EDS) Model # 3600-0793-0146 and related software. 
Backscatter emission imaging was used at low vacuum and 15 keV. The samples were 
analyzed for Na, Al, Si, K, Ca, Ti, and Fe after initial analysis had been done to 
determine the elements present. 
WATER ANALYSIS 
Water samples were frozen for a week, combined into a 1.5-L bulk sample (2 1-L 
Nalgene sample bottles), chemically stabilized (Table 2), and refrigerated until analyzed. 
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The analysis was performed with a HACH DREL/2010 water quality kit, used to 
determine various chemical parameters such as heavy metal concentrations, and nitrogen 
content. Standard solutions were used to calibrate the HACH photospectrometer before 
each test. The methods used for the analysis of water samples with the HACH kit are 
listed on Table 2 below. 
Table 2: Analytes and Methods for Water Analysis 
Analyte HACH Method Method Name Pre-Treatment 
Ammonia 8038 Nessler Thiosulfite 
Cadmium 8017 Dithizone Nitric Acid 
Chloride 8113 Mercuric Thiocyanate None 
Chromium 8024 Alkaline Hypobromite 
Oxidation 
Nitric Acid 
Copper 8506 Bicinchoninate Nitric Acid 
Cyanide 8027 Pyridine-Pyrazalone Sodium Hydroxide 
Iron 8008 FerroVer Nitric Acid 
Lead 8033 Dithizone Nitric Acid 
Nickel 8150 l-(2-Pyridylazo)-2-
Napthol (PAN) 
Nitric Acid 
Silver 8120 Colorimetric Nitric Acid 
Suspended Solids 8006 Photometric None 
Zinc 8009 Zincon Nitric Acid 
Mercury concentrations for the water samples were determined by Ogden 
Environmental Lab using the cold vapor method. 
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MUSSEL SPECIMENS 
Shell Preparation w/ Size and Shape Determination 
Four months after being frozen, samples were dissected before fully thawed, to 
separate the shell from the soft tissue without loss of bodily fluid. Soft tissues were 
stored in a 250 mL Class 2 I-CHEM jar and put back into the deep freeze for later 
analysis. The recent and midden shells were then cleaned with a toothbrush to remove 
any encrusting material, and rinsed with double deionized water (17 MQ/cm). They 
were then air-dried and morphometric measurements, including length, width, and 
height, were taken with an electronic caliper. These measurements were particularly 
important, as the mussels could have responded to differences in environmental 
conditions by variable growth rates. As stated in Chapter 1, mussel filtering behavior can 
be altered by contaminants in the water column. 
A scar-to-scar measurement, as well as a lateral teeth-to-pseudocardinal teeth 
measurement, was also taken from the inner right valve of the mussel. The shell surface 
was categorized as being 1 - shell margin complete, 2 - umbo worn and nacre exposed, or 
3 - shell margin fragmented. All recent specimens were condition 2, while all but one of 
the midden specimens were condition 3 (one individual was condition 1). 
As nacre staining was found to be common among the specimens, its presence or 
absence (P or A) and the number of stains was recorded. Nacre stains are circular stains 
on the inside of the nacre that are thought to originate from silt being forced between the 
mantle and nacre. They are an indication of excessive silt and high turbidity (Rosenberg 
and Henschen 1986). 
44 
The nacreous layer was then separated following the methods of Peunte et al. 
1996. One valve of each shell was ashed in a Fisher Scientific Isotemp muffle furnace at 
350°C for twenty-four hours. The shells were then cooled to room temperature so that 
the remaining outer shell layers could be removed with a plastic spatula. Heating to high 
sustained temperatures allowed for the removal of shell layers that were high in organic 
content and affected by the equilibrium partitioning and absorption of metals from the 
water column, and thus removed the influence of these layers on latter elemental 
analysis. The nacreous shell was then ground and homogenized with a 99.5% alumina 
mortar and pestle. 
Age Determination and Organic Content 
The remaining valve of the nacreous layer was utilized for age and organic 
content determination. This procedure involved counting and evaluating band growth 
markings using methods of Veinott and Cornett (1996). The procedure has been shown 
to be a very accurate method for age determination (Veinott and Cornett 1996). 
The shells were cut into 1000+jim wide sections, with a diamond-wafering blade 
on a Raytech Model HAL-PI08 low speed saw. The sections were then polished with 
600 grit lapidary polish, glued with epoxy to a ground glass slide, and sectioned with a 
Microtec Microsectioneer Mark 11+ to a 300 (am thickness. These sections were then 
further polished with the 600 grit lapidary polish, thus reducing the width to 200 |im and 
producing a high polish that allowed bands to be easily seen and counted under a light 
microscope with polarized light. Annual bands extend continuously from a prismatic 
layer discontinuity (or outer discontinuity) to the umbo region (or a common line). They 
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give an accurate assessment of chronological age. This method is illustrated in Figures 5, 
6, 7 and 8. Dr. Darcy F. Morey, Department of Anthropology, University of Kansas-
Lawrence, gave a second estimation of age using this method; the ages were therefore 
denoted as Age B - my estimation, or D - Dr. Morey's. 
The remainder of the intact valve was used in the determination of organic 
content. The shells were drilled with a Black and Decker one-half inch glass and tile drill 
bit. Enough of the top layers of this sample were removed to prevent the periostracum 
from interfering in the results of this determination. These samples were desiccated for 
three days, weighed, and then, ashed at 400° C for 18 hours. They were then re-weighed 
after cooling to room temperature. 
There were several differences in the preparation of the midden specimens. First, 
the specimens were measured with the electronic caliper by approximating the outer 
margin of the shell, since margins were frequently damaged. The shells also had to be 
imbedded in Wards Bioplastic to preserve them during the sectioning, with a small 
amount of material from these shells being set aside for later elemental analysis. Without 
protection from the environment by the outer organic layers of the shell, solutioning (the 
loss of nacre components to aqueous solution) and resolutioning (the addition to nacre 
components from aqueous solution) altered the composition of the nacre, and the aging 
methods were also modified. Growth bands present in the nacre were difficult to 
recognize because they had been obliterated at some points. To discriminate between 
disturbance bands and actual growth bands in the umbo region, Dr. Morey and I selected 
only those that were dark and well pronounced as age bands (Figures 9, 10, 11, 12 and 
46 
13). This method was proofed by duplicating results obtained from aging modern 
specimens with the continuous band method. No organic content for the shells was 
determined due to the condition and age of the specimens. 
Chemical Characterization of Mussels 
Upon completion of inspection and preparation, the mussel specimens were 
manipulated and analyzed according to matrix and target compounds (Appendix C). 
Lipids were extracted from the soft tissue and analyzed with Gas Chromatography-Mass 
Spectroscopy. Nacre was analyzed with Inter Coupled Plasma-Mass Spectroscopy, 
instrumentation used when acquiring measurements of multiple elements in low 
concentrations. Cold Vapor analysis was also used to determine mercury concentrations 
in nacre, as these concentrations were known to be low (ppb range). A combination of 
Inter Coupled Plasma - Atomic Emission Spectroscopy, Inter Coupled Plasma - Mass 
Spectroscopy, and Cold Vapor analysis were used to analyze soft tissue elemental 
concentrations, which varied greatly. 
Lipid extraction of homogenized mussel soft tissue was used to characterize 
organic contaminants. The lipids were extracted according to the methods of Peven 
(1993), Peven et al. (1996), and NOAA protocol (MacLeod et al. 1985). These 
contaminants included PAH's and organochlorides (PCB's and pesticides). The PAH's 
characterized included Benzo(a)pyrene, Benzo(b)fluoranthene, Dibenz(a)anthracene, 
Benzo(a)anthracene, Benzo(k)fluoranthene, Indeno(l,2,3-cd)pyrene, 
Benzo(g,h,i)perylene, Phenanthrene, Fluoranthene, Chrysene, Anthracene, Napthalene, 2-
Methylnapthalene, Acenapthylene, and Fluorene . The organochlorides included PCB's 
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1, 5, 29, 50, 77, 87, 104, 154, 188, 201, 208, and 209, and the priority organochloride 
pesticides including: a-,p-, 8- and y - BHC, Heptachlor epoxide, p,p '-DDE, p,p '-DDT, 
p,p '-DDD, Aldrin, Dieldrin, Endosulfan I, Endosulfan II, Endosulfan Sulfate, and 
Methoxychlor. 
The lipid extraction and analysis were performed at the Biology and Chemistry 
Departments of Western Kentucky University. Lab facilities were modified by the 
author to meet the needs required during the lipid extraction and analysis. The first step 
in the extraction was the thawing of the frozen samples, homogenization of each sample 
by tissumizer, and the removal of a sub-sample to an aluminum pan for determination of 
dry weight. The remaining sample was added to a Teflon centrifuge tube with internal 
standards for organochlorides and PAH's (Surrogate) and mixed with sodium sulfate and 
dichloromethane. The sample was again homogenized and then centrifuged. After the 
centrifugation, the solvent layer was poured into an Erlenmeyer flask and the procedure 
was repeated twice more, each time pouring the extract into the flask. The final 
extraction used additional dichloromethane repeating the same procedure. The contents 
were swirled and a small, measured aliquot was removed to determine lipid content. 
This aliquot was then placed in a pre-weighed aluminum pan and covered with aluminum 
foil. The aliquot set for 24 hours to allow the dichloromethane to evaporate, and the pan 
was reweighed. The rest of the extract was poured into an activated silica/alumina 
column, and the eluate was concentrated with a Kuderna-Danish apparatus fitted with a 
three ball Snyder column and nitrogen blow-down techniques. The eluate was further 
cleaned in a Lipophilic Sephadex column and concentrated again as described above. 
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GC standards for PAH's and organochlorides (Internal) were then added to the sample. 
The resulting solution was analyzed with Gas Chromatographic - Mass Spectroscopy. 
Complete QA/QC procedures are listed in Appendix D. 
Both Cold Vapor Analysis and Inter Coupled Plasma-Mass Spectroscopy & 
Atomic Emission Spectroscopy (ICP-MS&AES) multi-element analyses were used to 
determine elemental concentrations in mussel tissue. The Cold Vapor analysis was 
carried out by Western Kentucky's Materials Characterization Center. This method of 
analysis is specifically designed to detect mercury in almost any solid matrix down to 
parts per trillion level. It required no digestion and samples as small as 10 mg that were 
dried and put into a Cold Vapor Analyzer. The IAEA 142/TM Certified Reference 
Material (CRM) was used for QA/QC, as well as a procedural blank of sand, that was 
homogenized in an Omni-Mixer. All samples were run in duplicate with blanks inserted 
at least every 20 samples. 
All multi-element characterization of mussel tissues was carried out by the author 
at the University of Notre Dame's ICP-MS Analytical Facility, Notre Dame, IN, USA. 
The procedure used was USEPA Method 3052 (Kingston and Walter 1997) with the 
following modifications: 
1) Acid washed Ottawa sand was used to provide Quality Assurance for the whole 
procedure. 
2) 10-mL Teflon beakers were used in a mass digestion procedure. 
The procedure is listed step by step in Appendix E. 
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A Plasma Quad model PQII (Fisons Instruments, Beverly, MA, USA) Inductively 
Coupled Plasma Mass Spectrometer was used for data acquisition. The spray chamber 
was cooled to 5°C by means of a refrigerated mini-chiller model RTE 100 (Neslab 
Instruments, Portsmouth, NH, USA). Samples were introduced using a peristaltic pump 
(Gilson, Middleton, WI, USA), at 1.0 ml/min in conjunction with an autosampler 
(Gilson, Sample Changer Model 221-222). The analysis was carried out using an external 
calibration procedure and internal standards were utilized to correct for instrumental drift 
and matrix effects. Since concentrations were too high for the ICP - MS a Perkin-Elmer 
Model Optima 3000 ICP-Atomic emission spectrometer was used. These analyses 
characterized calcium, cadmium, chromium, copper, iron, lead, mercury, nickel, silver, 
strontium, and zinc in the soft tissue and nacre. 
DATA ANALYSIS 
The data from this research was analyzed by the author in several ways using 
SYSTAT version 10 and MS Excel 97. The objective of this was to test for differences 
between the sites and to explore the causation of these differences (variables and factors 
influencing them). Data from the lipid analysis, which was only a careful screening to 
determine some of the organic contaminants present in the water column, were not 
included. Data from the mussel at Site 3 was also excluded for several reasons: 1) The 
mussel was in poor condition and the contaminant concentrations recovered from it were 
not representative of an individual from a normal population, and 2) it was the only 
individual recovered from Site 3, while all other sites were represented by 5 or 6 
specimens, which would have biased the data in further statistical analysis. All data sets 
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containing noncontinuous data, concentrations below or above detection limits for which 
exact values were not determined, were also excluded. Scatterplot Matrices indicated 
most measurements were normally distributed. Sedimentary characteristics were 
analyzed by Analysis of Variance (ANOVA) indicating no significant differences and 
were therefore not included in further analyses. Canonical Discriminant Analyses (CDA) 
of morphological and age characteristics, metal concentrations, and nacre stains were 
used to determine if differences existed among the sampling sites (CDA1) and between 
recent and midden specimens (CDA2). The variables analyzed in CDA1 included nacre 
stains, height, length, soft tissue concentrations of silver, cadmium, chromium, mercury 
(mass spec), mercury (cold vapor), iron, nickel, lead, strontium and zinc, and nacre 
concentrations of mercury, nickel and strontium. The variables analyzed in CDA2 
included height, length, and nacre concentrations of mercury, nickel and strontium. The 
CDA output was used to determine whether the data was significantly different among 
sites and between recent and midden specimens. Results of the CD As were also used to 
elucidate factors affecting the data. A Principal Components Analysis (PCA) was used to 
partition the variance of the sites identifying the most important factors affecting the 
physico-chemical characteristics of the water column. 
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RESULTS 
SITE CHARACTERIZATION 
In order to determine their impact on contaminant uptake, the sedimentary 
characteristics of each site were determined, as seen on Tables 3 & 4 below. 
Table 3: Sedimentary Characteristics 
SITE Sieve Size (%) 
Fine 230 120 60 35 10 5 
1 0.044 0.124 0.742 5.458 4.618 4.365 84.649 
2 0.105 0.406 1.464 4.531 13.637 11.255 68.604 
3 0.05 0.152 0.611 1.665 10.1 8.383 79.04 
4 0.035 0.082 0.662 1.115 4.143 4.481 89.185 
5 0.074 0.131 1.423 8.848 5.919 4.64 76.465 
SITE Sorting Statistics Composition of Fines (%) 
Mean Std. Dev. Skewness Kurtosis Lithic Quartz Biological 
1 -0.008 0.088 -10.539 111.895 0.2 0.8 0 
2 -0.007 0.081 -11.355 130.898 0.25 0.75 0 
3 -0.008 0.085 -10.893 119.661 0.25 0.75 0 
4 -0.009 0.09 -10.411 108.919 0.2 0.79 0.01 
5 -0.007 0.085 -10.919 120.803 0.2 0.8 0 
SITE Fines Texture (%) 
Rough Smooth 
1 86.683 13.317 
2 89 11 
3 74.617 25.383 
4 81.117 18.883 
5 70.34 29.66 
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Table 4: Observed Physical Characteristics 
SITE (meters) Veg. Buffer (m) Substrate Composition (%) 
Stage Depth Width Left Right Boulder Cobble Pebble Gravel Fines 
1 2.38 0.478 25 30 10 2 4 30 30 34 
2 2.41 0.442 15 30 10 0 5 35 40 20 
3 2.43 0.412 30 30 10 0 1 20 60 19 
4 2.49 0.502 15 30 30 0 5 45 40 10 
5 2.49 0.244 15 100 30 0 10 40 45 5 
All samples showed similar mean sediment size (very coarse sand), standard 
deviation (well sorted), and skewness (very coarse sand), and most other data represented 
this same similarity between sites. The fine portion of the sediment did however show 
Site 4 as possessing organic material making it different from any other site, and Site 2 a 
larger percentage of fines. This difference seemed to contradict data obtained from field 
observations, which suggested that the percent fines or imbeddedness decreased with a 
downstream trend, though it could be explained by errors caused by mechanical sorting. 
A further study of the fine sediments revealed surface textures ranging between 70 and 
90% rough. Again, however, the sediments showed no significant differences between 
sites. The difference between smooth and rough surfaces can be seen in Figures 7 and 8. 
Analysis of the silt and clay (fine) fraction of the sediments by SEM-EDS found 
several elements present (Appendix G). Analyses of the samples indicated iron was 
present as a background element in all samples, with no other elements being found 
consistently in detectable concentrations at all five sites. 
The physico-chemical characteristics of the sampling sites were much more 
revealing than the data gathered by CTI and MCNP. These results can be seen in Table 
5. 
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Table 5: Physico-Chemical Characteristics 
SITE Heavy Metals (mg/L) mg/ 
L 
TSS 
NTU 
Turbidit 
y 
Fe Cu Ni Zn A g Cr H g Pb Cd 
1 0.14 <0.01 <0.01 0.04 <0.01 <0.01 <0 .0005 <0 .002 <0 .002 5 5.6 
2 0.09 0.03 0.02 0.04 0.01 <0.01 <0 .0005 0 .002 <0.002 4 12.5 
3 0.15 <0.01 <0.01 0.05 <0.01 <0.01 <0 .0005 0.002] <0.002 4 22.9 
4 0.14 0.01 <0.01 0.04 <0.01 <0.01 <0 .0005 0.002 <0 .002 4 11.8 
5 0.14 0.01 <0.01 0.03 <0.01 <0.01 <0 .0005 0.002 <0 .002 3 24.2 
SITE Important Ions (mg/L) PH uhmos 
Conduct. 
c 
Temp. 
mg/L 
DO 
% Sat. m/sec Flow CI CN NH3 
N 
NH3 NH4 
1 12.2 0.006 0.28 0.34 0.37 8.09 842 18.24 7.6 80.6 0.22 
2 12.3 0.005 0.16 0.2 0.21 8 828 18.52 6.14 65.7 0.2 
3 11.5 0.001 0.12 0.14 0.15 8.04 810 18.62 4.51 48.4 0.17 
4 10.9 0.004 0.15 0.18 0.2 8.04 799 18.91 6 64.9 0.14 
5 12.1 0.003 0.15 0.18 0.19 8.05 785 19.34 6.52 70.9 0.23 
Concentrations of nickel, copper, and silver were higher at the impact site than 
at the other sites on the river (Figure 14). Conductivity decreased with a downstream 
trend similar to imbeddedness, from 842 to 785 uhmos. Ammonia nitrogen was higher at 
Site 1 than other sites, being almost double at 0.28 mg/L. Dissolved oxygen and percent 
saturation was found to be much lower at Site 3, with a percent dissolved oxygen 
saturation of 48.4 %. A qualitative analysis of landuse in the region (data from a State 
1983 topographic map) of the Green River sampled did, however, reveal that agricultural 
landuse was very common in the region and might be a significant factor affecting all the 
sampling sites (Figure 1). An examination of the physico-chemical characteristics of the 
water column with a PCA produced a component vector explaining over 90% of the total 
variance for ammonia nitrogen, TSS, conductivity, percent fines and several other 
variables. The first factor (component) explained 42.388% of the total variance while the 
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second explained 26.11% and the third 20.332%. The first factor was determined to be 
landuse or disturbances related to landuse (the particular variables are associated with 
agricultural runoff). 
MUSSEL SPECIMENS 
Canonical Discriminant Analysis 
Canonical Discriminant Analysis (CDA) was performed on the data sets to 
determine if there were significant differences between the sampling sites on the Green 
River. A between groups F-matrix showed 2 out of 6 inter-comparisons with a critical F 
value being greater than 8.575 (Table 6), demonstrating most mussels did not particularly 
share characteristics similar to other mussels at the same sites. 
Table 6: Between Sites F-Matrix 
SITE 1 2 4 5 
1 0 
2 0.891 0 
4 3.315 4.092 0 
5 10.498 7.433 9.882 0 
The Wilks' Lambda for these was 0.0003 (df= 4,16) and an approximate F 48,12 = 
3.6400, p=0.0093 which was significant. A jackknifed classification matrix showed that 
50% or more of the mussels at Sites 1, 2, and 4 were classified correctly by replacement 
(Table 7). 
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Table 7: Jacknifed Classification Matrix for Sites 
SITE 1 2 4 5 % Correct 
1 3 3 0 0 50 
2 2 3 0 0 60 
4 1 1 4 0 67 
5 1 2 1 2 33 
Total 7 9 5 2 52 
The Wilks' Lambda for the Canonical correlations and Eigenvalues was 0.0000, with an 
F 48,12 = 3.850, p=0.0059, which is again significant. Factor 1 had an Eigenvalue of 
51.832 and Factor 2 of 19.059, and a scatterplot of these two shows clear discrimination 
between the Sites 4 and 5 and the cluster of Sites 1 and 2 (Figure 15). The standardized 
Canonical Discriminant functions showed the larger part of Factor 1 represented by 
height, length, and soft tissue chromium, lead, and strontium concentration variations. 
An analysis of the recent and midden specimens produced results indicating that 
they were in fact two very different groups of specimens. The Wilks' Lambda was 
0.0556 (df=5,24) with the F distribution for the two groups being F 5,24 = 81.5401, 
p=0.0000 and was significant. A Jackknifed classification matrix also showed 100% of 
the individuals were correctly classified within the two groups. The distinction between 
the samples in these two groups can be seen clearly by their representations along the 
component vector (Figure 16). The differences between the two groups were strongly 
weighted by length. The differences can easily be seen when looking at the means for 
metal concentrations and morphological characteristics. These results suggested what 
physical observations did, that the midden specimens were smaller in size than the recent 
specimens. Although these two groups did have very different age structures, age was 
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still not an explanation for these extreme differences, as seen in the one sample obtained 
from Site 3, which had achieved a length and height similar to other recent specimens 
while being in poor health and at a much younger age. 
Mussel Age and Morphology 
Three groups of data characterized the mussel specimens: morphometries and 
shell characteristics (Table 8), organic contaminant burdens (Appendix H) and metal 
burdens in shell and soft tissue (Appendices I and J). 
Table 8: Mussel Morphology and Age 
SITE Nacre Stains Height 
N M a x Min M e a n S D N M a x M i n M e a n S D 
1 6 8 0 3.167 3.601 6 8.923 7 .805 8.291 0.359 
2 5 14 1 4.6 5.505 5 9 .917 8.069 8.907 0.819 
3 1 1 1 1 1 5 .975 5.975 5.975 -
4 6 11 1 4 3.795 6 9 .489 8.147 8.751 0.468 
5 6 15 4 9.833 4 .119 6 9 .067 7.231 8.211 0.801 
H a y n e s 2 - - - - 3 4.551 4 .283 4 .374 0.154 
H a y n e s 11 1 4.599 4 .599 4 .599 
H a y n e s 12 
- - -
3 4 .14 3 .754 3.936 0.194 
S I T E Length A g e 
N M a x M i n M e a n S D N M a x M i n M e a n SD 
1 6 12.799 10.431 12.048 0.885 6 43 26 31.833 6.42 
2 5 12.951 11.781 12.511 0.489 5 64 29 43.6 13.649 
3 1 9.535 9.535 9.535 - 1 5 5 5 -
4 6 13.7 13.065 13.276 0.245 6 45 29 34 6.033 
5 6 12.975 10.764 12.106 0.9 6 64 38 46 .167 10.759 
H a y n e s 2 3 6.36 6.009 6.194 0 .176 3 14 10 11.333 2.309 
Haynes 11 1 6.452 6.452 6.452 - 1 11 11 11 -
Haynes 12 3 5.708 5.427 5.566 0.141 3 10 5 8.333 2.887 
Nacre stains show a large degree of variation at all sites. There was a substantial 
increase in mean occurrence at Site 5, although the increase was not significantly 
different from any of the other sites. All recent specimens had the same surface 
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condition, a worn umbo with the nacre exposed. Midden specimens all possessed 
fragmented margins except for specimen Haynes 21, which demonstrated a complete 
margin. 
Organic content in the nacre ranged from 2.07 3.18 %, making the nacre a 
reliable matrix to analyze as the metals associated with the organics in the matrix would 
not add significant variation. Bourgoin (1990) found metals bound to organic 
compounds in the nacre matrix tend to increase variation. Ages of the recent mussels 
ranged from 26 to 64 years old, with no age differences between the two estimations (See 
Methods). Ages for the midden specimens were much different, ranging from 5 to 14 
years old with 4 of 7 ages being different between the two different determinations. Only 
the Age from Estimation B was used for further statistical analysis; the results from aging 
Estimation D were used for QA/QC only. The CDAs demonstrated significant among 
site variation for height, and between group (recent and midden) variations for height and 
length at the p<0.05 level, demonstrating some outside influence on these variables. 
Wilks' Lambda for among site variation was 0.0000 with an F 48,12 = 3.850, p=0.006, 
and for between group 0.056 with an F 5,24 = 81.540, p=0.000 indicating definitive 
differences. These results can be seen in Table 9. Superscript R indicates higher values 
in recent specimens and M higher in midden specimens. 
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Table 9: Site and Group Variation 
Among Site (CDA1) 
Variable MS Error df F Score P 
Length 1.921 0.485 3,19 3.959 0 .024 
Ni Soft Tissue 6.97E+07 1.37E+07 3,19 5.053 0.010 
Between Group (recent and midden)(CDA2) 
Variable MS Error df F P 
Height" 99.482 0.363 1,28 274 .085 <0.0005 
LengthR 228.289 0 .570 1,28 400 .515 <0.0005 
HgM 8160.100 178.192 1,28 45 .794 <0.0005 
SrR 1.99E+11 5 .24E+09 1,28 36.621 <0.0005 
Organics in Lipids 
Organic contaminant concentrations were determined for 2 mussel specimens per 
site (only one specimen collected at Site 3) (Appendix H). The samples with high lipid 
content tended to have lower contaminant concentrations, while sample 31 had a 1.39 % 
lipid content and the highest organic contaminant loads. This relationship is probably 
caused by the variations in fats (non-polar lipids), which "dilute" organic contaminant 
concentrations (Hummel et al. 1990). Only three PAH's were found in a total of two 
samples, Benzo[B]Fluoranthene, Benzo[K]Fluoranthene, and Benzo[A]Pyrene. 
Organochloride pesticides were found in all except for samples 42 and 52. These 
included Hexachlorocyclohexane isomers, a-BHC, 5-BHC, and y-BHC, Endosulfan, and 
Methoxychlor. 
Trace Elements in Soft Tissue 
Trace elements in tissues varied according to type, sample and method. The soft 
tissue produced concentrations that could be related to recent events in the water column, 
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as equilibrium partitioning would have altered concentrations in proportion to what they 
were at the time the mussels were sacrificed. Only residual concentrations of metals 
would have altered this relationship. Trace element concentrations can be seen in 
Appendix I. 
Site 2 showed higher mean concentrations of silver and mercury, while Site 5 
showed higher mean concentrations of cadmium, chromium, iron, nickel, lead, and 
strontium. These statistics are considered with the exclusion of Site 3 data, which is 
represented by a single individual in poor condition. A graphic representation of these 
values can be seen in Figures 17 & 18. CDA1 showed significant among-site variation 
for only nickel at the p<0.05 level (Table 9). The Wilks' Lambda for this variable was 
0.000 with an F 48,12 = 3.850, p=0.006. 
Trace Elements in Nacre 
Most of the metals in the nacre proved to be undetectable or at the threshold of 
the detection limits (Appendix J). Site 2 shows higher mean nacre concentrations of 
lead, while Site 5 has higher mean nacre concentrations of chromium (Figures 19 & 20). 
There was also a large difference between the nacre concentrations of recent specimens 
and midden shells. Mean shell nacre concentrations were higher in the midden 
specimens for cadmium, chromium, mercury, and zinc, with recent specimens having 
only higher copper and strontium concentrations. CDA1 output demonstrated no 
significant differences at the p<0.5 level among the recent sites. However, there were 
significant differences at the p<0.5 between recent and midden concentrations of mercury 
and strontium (Table 9). Wilks' Lambda for these was 0.056 with an F 5,24 = 81.540, 
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p=<0.0005 demonstrating these values were probably different from site to site. This 
difference in metal concentrations is probably related to 1) uptake kinetics in the smaller 
mussels and 2) a change in water column concentrations of the metals that are discussed 
later (see Discussion). 
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DISCUSSION 
SUMMARY OF RESULTS 
The results indicated several interesting trends in the data. Both the PCA and 
CDA1 indicated a landuse factor influencing the sampling sites. The results of CDA2 
indicated extreme differences between reference data obtained from midden specimens 
and data obtained from recent specimens. Most trace element concentrations did not 
vary significantly from site to site, however, but did vary greatly between the midden and 
recent specimens. The concentrations of both trace elements and organic contaminants 
were higher than expected in mussel soft tissue, possibly indicating further influence 
from landuse. Nacre stains, indicators of high turbidity, and age estimates produced with 
the help of Dr. Morey were of importance in supporting the overall results of the 
statistical analysis. 
AGE ESTIMATES 
The aging method developed by Veinott and Cornett, which was used for this 
study, produced results that did not vary between the estimates of the age by myself and 
Dr. Morey for the recent specimens, which was as should be expected. The method was 
based upon criteria that did not depend upon individual judgment, and had proven to be 
an accurate method for estimating age. There was, however, a discrepancy between the 
age estimates for the midden specimens. Due to dissolutioning in the nacre of these 
shells, continuous bands were often obliterated or difficult to see. As stated in the 
methods, the bands were counted in the umbo region of these shells because they were 
still visible as alternating light and dark bands. An attempt was then made to retrace 
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these bands across the extent of the nacre. As can be seen in Figures 13 and 16, even 
following the bands from the umbo was difficult to do. Any discrepancies in age 
probably originated at this point. In the cases where the estimations did vary, the 
differences were no more than 3 years or 30%. 
BACKGROUND 
Both water and sediment samples showed high concentrations of iron, which 
represented high background levels. As can be seen in Appendix A, the trace element 
concentrations in the water column are correlated to changes in turbidity. The correlation 
would explain the relationship between water and sediment concentrations and explain 
the extremely high tissue concentrations in the mussels. Ammonia and chlorine also 
showed temporal trends, with concentrations being highest during low flow, probably a 
response to decreased dilution. Sampling during low flow by CTI showed that no metals 
were associated with the waste water outfall 100% of the time. However, air releases of 
copper and nickel by Ken Dec, Inc. (EPA 1999) may have increased water concentrations 
throughout the region of the Green River sampled. Storm events before or at the 
beginning of the rainy season could have produced increased concentrations in runoff and 
therefore higher concentrations at the outfall, which possibly explains the elevated 
copper concentrations at Site 2 on several occasions. 
The midden specimens proved to provide background data of the most 
importance. Morey and Crothers (1998) stated that their analysis of mussel assemblages 
indicated that the Green River in the Big Bend region had not changed significantly, with 
the exception of impoundments, in the last 5000 years, meaning mussel specimens taken 
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from the middens should in all probability provide accurate background data, i.e., they 
have similar source regions providing background elements. There were, however, 
significant differences in morphology and metal concentrations between recent and 
midden specimens. 
Recent specimens proved to be much larger even when comparing specimens like 
3-1 to midden specimens. It should also be noted that Actinonaias sp. specimens can be 
found in local streams with low turbidity that are similar in size to the midden specimens, 
i.e., Trammel Creek, Warren County, Kentucky. Of the factors that could be causing this 
difference several could be listed including temperature differences, genetic differences, 
resource allocation, and large-scale nutrient increases (landscape alterations). 
Temperature differences are known to affect mussel growth rates and therefore 
size (Chapter 1). However, the two cases of smaller-sized mussels do not indicate that 
temperature is the factor affecting the size differences. The temperature 5000 years ago 
in the Big Bend region of the Green River from which the midden specimens were 
recovered was the same if not more moderate, which would have put temperatures much 
closer to optimum, or the average temperature of 16° C (Meier pers. comm.). Trammel 
Creek from which the smaller recent specimen was observed is much the same way. 
Even though seasonal temperature differences in Trammel Creek are slightly more 
extreme, the water temperatures in the stream are probably similar if not higher and 
closer to optimum than those found in the Green River, as the water temperatures in the 
region of the river sampled are influenced by the "cold" water inputs from the Hidden 
River Complex. 
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Genetic differences between mussels could also be considered, but more than 
likely the mussels in the Big Bend region of the Green River have not changed 
genetically in the last 5000 years, as morphological characteristics of mussels are 
generally frozen and do not change significantly over short periods of time (Actinonaias 
specimens in this region of the river are also significantly larger). 
Resource allocation also requires consideration. Five thousand years ago mussels 
were being harvested by prehistoric Americans from the Green River (Morey pers. 
comm.); as a result mussels may have lived a shorter period of time and been required to 
colonize the river simultaneously after harvesting. Similar trends might also occur in 
response to modern predation by man, or other predators such as muskrats and river 
otters. As re-colonization of the habitat occurs, larger numbers are competing for the 
same resources with no chance of older and larger mussels becoming established. In the 
present day Green River there may be very limited pressures allowing larger mussels 
eventually to become established. A good example of larger, older individuals 
composing the majority of a population would be a giant redwood forest. However, a 
study of shell morphology in the threatened mussel, Margaritifera hembeli, (Johnson and 
Brown 1998) indicates that growth rates were in fact not affected by local population 
densities and that other factors caused size differences in individuals among streams. 
The final possibility to consider would be the increase of available nutrients for 
the mussels. Over the last 5000 years several events have occurred that lead to increased 
availability of nutrients in freshwater habitats. Warming and increases in grass and shrub 
thickets lead to increased availability of nutrients from 7300 Years Before Present (BP) 
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to present, and increased phytoplankton (Wilkins et al. 1991). Between 3000 and 1000 
years ago, prehistoric Native American use of fire increased to clear areas for cultivated 
crops which would have also increased the amount of nutrients available to freshwater 
habitats (Delcourt and Delcourt 1998, Delcourt et al. 1998). This slow increase coupled 
with more drastic changes in landuse in the last 200 years would lead to very dramatic 
increases in the amount of nutrients available to mussels in the Green River. As can be 
seen in Figure 1, most of the landuse in the sampling area is agricultural which would 
introduce large amounts of nutrients into the river. The large-scale increases in nutrients 
would be prevented only by effective vegetative buffers along all reaches of the 
watershed, which do not exist, or by contours in the landscape that do not allow flow 
directly into the river, which is not the case. The moderation of temperature and 
increases in nutrition would probably have lead to continued increases in phytoplankton, 
the mussels' primary food source. Increased food source would again offer an 
explanation as to why mussels from a smaller stream might differ so much in size from 
the Green River populations. However, small-scale changes in nutrition do not 
significantly affect morphology, as a study of six lakes and one river site in a New 
Zealand river system indicated. In that study, shell weight increased with a downstream 
trend but was not correlated to food availability expressed by chlorophyll a 
concentrations (Roper and Hickey 1994). 
As was observed from the mussels in local streams, the mussels recovered from 
the middens, and those collected from the river there is some set of determining factors 
affecting the increase in mussel size. The most obvious of these is increased nutrition, 
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probably coupled with reduced environmental stress and predation (Morey pers. comm.). 
The differences in morphology could quite possibly be related to landuse factors or 
anthropogenic disturbances. This theory would be well supported by CDA1, which 
indicates a single factor driving variations in morphology as well as the uptake of some 
trace metals. 
Unlike what the data should have suggested, the midden specimens contained 
higher concentrations of most metals. These concentrations would have not been 
atmospheric as there would be no mechanism to transport the metals to the aragonite 
matrix of the shell nacre and concentrate them. The concentrations for mercury were 
significantly higher in midden specimens than recent specimens while only strontium 
concentrations were significantly higher in recent specimens. Concentrations of 
cadmium, chromium and zinc were also higher in midden specimens, although they could 
not be determined as significant due to some values being below detection limits. The 
explanation may be differences in transport that could have occurred in the Green River 
over the last 5000 years. Normally Cadmium and Zinc concentrations are associated 
with the 1) carbonate phase, are 2) adsorptive and exchangeable and 3) released at low 
pH. These metals would be more available for incorporation into the shell matrix being 
bound to the carbonate phase (readily released in the gut) than they would be adsorbed to 
a sediment surface or organically complexed by phytoplankton. As previously discussed, 
landscape alterations and nutrient increases have occurred providing for this change in 
transport. Nickel and possibly copper show no uptake differences in the nacre and this 
may be associated with both metals being most commonly bound to particulate phases. 
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As for the strontium concentrations, the cause of the change is not completely 
understood. It could however be related to the dissolutioning of the shell nacre in the 
midden specimens. 
PHYSICO-CHEMICAL CHARACTERISTICS 
The physico-chemical characterization of the sampling sites was well supported 
by the background data and proved to be important in determining contaminant sources 
and water quality. As with the data from CTI, higher concentrations of copper were 
found at Site 2. Silver and nickel concentrations were also elevated at Site 2, while 
mercury, cadmium, and chromium, other metals often associated with anthropogenic 
sources, were below detection limits. The copper and nickel were probably associated 
with Ken-Dec, Inc., while the silver source was unidentified from EPA TRIS reports 
(EPA 1999). Levels of ammonia-nitrogen were elevated at Site 1, possibly as a result of 
human or animal waste being discharged upstream. Site 1 also had a greater 
imbeddedness and higher concentration of total suspended solids, which was probably a 
response to intensive agriculture upstream. These results both indicate the discharge of 
the outfall was not significant compared to the flow of the river, even during low flow. 
Turbidity was higher at Site 5 and possibly responsible for several increased 
measurements, discussed later. Increased turbidity may have been in response to 
agricultural runoff and healthier phytoplankton populations near this site, along with 
reduced dept and a narrow stream width. The most important difference between these 
sites though was the decreased DO and percent saturation at Site 3. This site had 
probably experienced extremely low flow in previous weeks, which may have lead to an 
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increased biological oxygen demand, BOD, at the site. The low flow conditions had an 
adverse affect on the mussels located in the sampling area at Site 3 and significantly 
affected the strength of the results for the study. The only mussel found at this site 
suffered from shell nacre deformities and poor tissue condition as was determined by the 
percent of lipids recovered during the organic contaminant analysis. 
MUSSELS 
In part, the importance of the research was to provide evidence of Actinonaias as 
adequate environmental monitor. This evidence was well demonstrated by the data 
produced by the examination of the nacreous shell and soft tissue. The relevant data 
included shell condition, metal concentrations, and the organic contaminant screening. 
Nacre Staining 
Shell condition included several observations, but the nacre staining proved to be 
the most valuable indicator. A large number of nacre stains were found on specimens at 
all sites, with the highest mean number of stains being found at the site with the highest 
turbidity, Site 5, and the lowest at the site with the lowest turbidity, Site 1 (3 mussels 
with no stains). Nacre staining in mussels is an indication of excessive suspended silt 
and high turbidity produced by landuse and anthropogenic disturbances including boat 
traffic (Rosenberg and Henschen 1986). 
Organic Contaminants 
The organic contaminant screening was also very revealing. Most PAH's were 
understandably below detection limits as they are produced from the incomplete 
combustion of fossil fuels. The concentrations of these PAH's were further limited by 
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the small number of sources: roads, atmospheric concentrations, and light boat traffic. 
All concentrations that were detected were above recommended levels (EPA 1998) 
(Appendix K). The Organochloride Pesticides that were detected posed more of a 
problem. Both BHC's (Hexachlorocyclohexane isomers) and Endosulfan can be used as 
wood preservative or applied to lumber, tea, tobacco, fruit, vegetable, and grain crops as 
an insecticide (ATSDR 1999a, ATSDR 1999b). Methoxychlor has a more general use 
and can even be used on home gardens and pets (ATSDR 1999c). 
Hexachlorocyclohexane isomers have a residency time shorter than 30 days and are 
broken down rapidly by aquatic organisms (ATSDR 1999a). Endosulfan is not very 
soluble in water and is not broken down quickly. It readily adheres to soil particles and 
can be found in runoff (EXTOXNET 1999). Its residency time in the soil can be several 
years (ATSDR 1999b). Methoxychlor takes several months to break down in surface 
waters (ATSDR 1999c). The concentrations of Hexachlorocyclohexane isomers indicate 
that it was applied to crops in a mixture often used for that purpose and not as Lindane. 
It is also reasonable to assume that this particular pesticide entered the water column 
recently through a storm surge after a recent application, i.e., a short pulse. This 
particular event can also be seen in provisional data produced during the Tradewater-
Lower Green Kentucky Watershed Watch Project sampling and resampling of the 
herbicide Atrazine. The first samples were taken a day after a storm event and were 
resampled a month later. The first samples show elevated levels, which had decreased 
significantly a month later. Endosulfan on the other hand could have entered with runoff 
from a field where it had been applied several years ago. The Methoxychlor may have 
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come only from animals that had been dusted to prevent mites, fleas etc., but the 
application would have had to be recent. The variation in concentrations among the 
mussels makes it impossible to locate a nonpoint source for these applications. The 
concentrations of the Hexachlorocyclohexanes and Endosulfan pose a serious threat, as 
they present a serious health problem if consumed. Hexachlorocyclohexanes are known 
endocrine disrupters, anticipated to be carcinogens, and can cause dizziness, headaches 
and blood disorders (ATSDR 1999a). The levels found were 10,000 - 100,000 times 
recommended water quality criteria (EPA 1998) (Appendix K). Endosulfan is known to 
affect the central nervous system, and can impair development as well as functions of 
several organs. Endosulfan is known to be extremely toxic to mussels (EXOTOXNET 
1999). Levels of Endosulfan were less than 10 times the recommended water quality 
criteria (EPA 1998) (Appendix K). In other mussel species bioconcentration factors 
(BCFs) were 12,000 times for Methoxychlor, 1400 times for Hexachlorocyclohexanes 
and 600 times for Endosulfan (Trabulka and Garten; Ulman 1972; U.S. National Library 
of Medicine 1995). Using these BCFs allows for the determination of estimates of what 
the water column concentrations of these organochloride pesticides were at the time of 
sampling (Table 10). 
Table 10: Estimated Concentrations of Pesticides (Water Column) 
SITE Mean Soft Tissue Cone, (ng/g) Est. Mean Water Column Cone. (ng/L) 
Methoxychlor a-HCH Endosulfan Methoxychlor a-HCH Endosulfan 
1 83.5 65.4 209 0.007 0.047 0.348 
2 0 417 3085 0 0.298 5.14 
3 0 3770 449 0 2.69 0.748 
4 0 308 423 0 0.22 0.705 
5 0 449 264 0 0.321 0.44 
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The estimated concentration of Endosulfan in the water column was between 1 and 20 
times the level of the National Recommended Water Quality Criteria, while 
Methoxychlor was well within it recommended limits, and Hexachlorocyclohexane 
isomers were not listed, probably due to their short residency time in the water column. 
Trace Elements 
The metal concentrations were the heart of the analysis as most previous point 
source contamination involved metal point source pollution. The results indicated that 
most metal concentrations were higher at Site 5, the second recovery site, than at Site 2, 
the impact site, which can probably be explained by the high turbidity at Site 5, 
introducing more metal contaminants to the mussels at that site through the particulate 
bound fraction. At Site 2 the soft tissue concentrations of silver and mercury were still 
higher, an indication that these metals were being released in high concentrations through 
the waste water outfall. If concentrations in the water column of these two metals had 
changed over time, then equilibrium partitioning would have decreased the tissue 
concentration, as these two metals are not stored as granulated particles by the mussel. 
The concentration of silver was correlated to concentrations found in the water column, 
while the water column concentration of mercury was below detection limits. It is 
important to note, however, that while the mean concentrations of these metals at Site 2 
were higher than at the other sites, the CDA1 output showed that there was no significant 
difference in concentrations between sites. Nacre concentrations of lead were higher at 
Site 2 as well, but CDA1 output again confirmed that the concentrations at the sampling 
sites were not significantly different. Higher concentrations of lead in the nacre would 
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indicate past lead contamination at the outfall site. Results of the CDA1 confirmed that 
Sites 1 and 2 were statistically different from Sites 4 and 5, with all individuals clustered 
far from the other sites (Figure 15). With the statistics being heavily influenced by shell 
morphology, the implication might be nutrient-landuse differences at Sites 1 and 2, and 
could quite possibly indicate the impact of the effluent at Site 2. As stated in the 
Introduction, the mussel populations at Site 2 were impacted. It was also suggested that 
total recoverable metals could have a significant negative influence on invertebrate 
populations in streams and rivers, which may be the cause of this impact and explain the 
differences. Soft tissue concentrations for mercury, nickel, and zinc exceeded National 
Recommended Water Quality Criteria (EPA 1998, EPA 2001) (Appendix K). These 
metals are indicated by superscript S on Table 11 below, which includes some of the 
BCFs for metal concentrations determined in this study. Also listed is a mean of 
published BCFs for freshwater mussels, which was used to estimate cadmium water 
column concentrations (Tessier et al. 1994). Calculations show water column 
concentrations for silver, cadmium and copper exceeded National Recommended Water 
Quality Criteria (indicated by superscript W), although the estimates of cadmium 
concentrations are slightly above the minimum detection limits determined during the 
analysis of the water samples. 
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Table 11: Bioconcentration Factors and Estimated Concentrations for 
Trace Metals 
Trace 
Element 
Mean Soft Tissue Concentration (ng/g) Mean Water Column Concentration 
(W?/L) 
Cal. 
BCF 
Pub. 
BCF 
Agw 2430 10 243 
Cdw 3480 Estimated 4.61 755 
Cr 11200 
-
Cuw 232000 15.9 14600 
Fe 1440000 130 11100 
Hgs 308 
Nis 13500 20 675 
Pb 1490 2 745 
-
Sr 26600 
-
Zns 292000 37.9 7704 
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CONCLUSIONS 
Throughout the past 5000 years there has been a series of significant changes on 
the Green River, beginning with climatic warming and increased availability of nutrients. 
Eventually, as prehistoric man began to progress in development, techniques were 
developed to alter the land for agricultural use and to make a habitat that was easier to 
populate with a sedentary lifestyle. That period began with increased fire use in the 
Eastern Agricultural Complex to clear areas for gardening, habitation and the grazing of 
animals. These activities continued to increase the nutrient availability to aquatic 
organisms. After European colonization, the Judeo-Christian land ethic further altered 
the region surrounding the river with intensive agricultural techniques. In the Twentieth 
Century, mechanization and mass production techniques continued to alter this region, 
causing significant increases in nutrient availability, land use practices that increased 
erosion, and the introduction of man-made toxic chemicals. As population has grown in 
the last 60 years, intensive landuse practices have continued to expand, with increasing 
nutrient availability, suspended sediments, and point and non-point source pollutants in 
the region (Quinlan et al. 1983). 
Morphological data from recent and midden specimens indicates significant 
changes from the increased nutrient availability. Suspended sediments have also 
increased to the point that it may be harmful to mussel populations, as seen by extensive 
nacre staining in the mussels collected. From increased suspended sediments and point 
and nonpoint source pollution, contaminants in the water column have also made the 
mussels no longer edible. Background metals in the mussels have concentrations above 
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the amount recommended for human consumption. Organochlorides are also present in 
amounts toxic to human beings. Although the combined effects of these contaminants is 
not known, it is very likely that effects are much worse than those of any single 
contaminant. 
It is reasonable to assume that several contaminants are being discharged at the 
waste water outfall in quantities above background level, as determined from Sites 1, 3,4, 
and 5, and which may be or have been harmful to aquatic organisms. The CTI mussel 
surveys indicate that populations at Site 2 are impacted by some source for at least the 
first few years of the study. Total recoverable metal concentrations have been attributed 
to this impact in other studies. The data in this study suggest that silver and mercury are 
presently / recently discharged contaminants at the site, with lead possibly having been 
discharged in the past. Nickel is possibly a pollutant that has been dispersed through the 
whole region. 
These impacts along this region of the Green River pose a threat to endemic 
mussel populations, and along with water column concentrations that are below National 
Water Quality standards indicate the region of the Green River studied may possess 
water quality not fully supportive of aquatic life. Other studies indicate that landuse 
modifications altering sediment regimes alone can impact mussel populations (Box and 
Mossa 1999). The mussel populations along this region of the Green River have been the 
most diverse in the watershed in previous years. Of 60+ mussel species found on the 
Upper Green River, 50+ had been found at Munfordville, 6 miles upstream from the 
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sampling area, in past years (Stansbery 1965). A recent survey indicated similar 
diversity in the lower part of the sampling area (Meier 2000). 
With what is known information about the transport of the identified 
contaminants in the sampling area, it is possible they pose direct threat to the Mammoth 
Cave System. Lock and Dam 6 are known to increase the retention of all contaminants 
entering the park (Mieman 2000). So if these contaminants are transported, the residency 
time will be much higher within the boundaries of the most protected area in the region. 
Although the dynamics of the transport are not completely known, many pesticides and 
metals are transported while being bound to the particulate fraction. This research has 
demonstrated that sediment transport may increase the amounts of contaminants 
available to aquatic organisms (mussels) and therefore increase the bioconcentration. 
Contaminants entering the cave system have been a problem in the past (Anonymous 
1990). The data produced by this research has more than supported the use of modified 
sampling methods along with the nacreous shell for biomonitoring. In the past, the 
nacreous shell has been regarded as an environmental archive. With the mechanics 
required for deposition in the shell, it is possible to locate temporal trends in contaminant 
sources. Metals have been shown or suggested to be past or present contaminants by the 
characterization of the shell. The shell has been shown to provide valuable insights into 
landuse impacts on mussel populations. These "archives" combined with appropriate 
background data and site characterization can provide a wealth of environmental 
information. 
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The use of the mussel as a biomonitor will hopefully add to the conservation of 
mussels in general, by identifying possible environmental impacts. This use will also 
hopefully aid in the preservation of high water quality standards, those that are fully 
supportive of aquatic life, which is of significance and importance to everyone from the 
farmer and the fisherman to the water consumer. However appropriate best management 
practices must be introduced to prevent further degradation of the watershed and to 
reverse damage that has already occurred. This practice must include restoration of 
vegetative buffers and wetlands, education on pesticide application and use of practices 
less toxic to the environment, such as polyculture or insect introduction, and changes in 
methods of plowing and planting. 
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Selected MCNP Water Quality Data 
D A T E 9 / 1 0 / 9 8 8 / 1 0 / 9 8 8 / 1 0 / 9 8 7 / 1 0 / 9 8 6 / 1 0 / 9 8 5 / 1 0 / 9 8 4 / 1 0 / 9 8 3 / 1 0 / 9 8 2 / 1 0 / 9 8 1 / 1 0 / 9 8 
T U R B I D I T Y 4 . 4 6 . 9 8 .7 18 .8 180 2 3 . 5 11 .9 1 6 2 . 8 15 5 6 
A M M O N I A 
C H L O R I D E 11.5 8 . 8 8 .8 5 .5 3 . 0 3 3 . 2 4 7 . 9 9 6 . 2 8 . 8 4 . 7 
I R O N 0 0 0 0 . 0 8 0 . 1 1 6 0 . 0 9 1 0 . 0 4 1 0 . 1 9 0 . 0 6 4 0 . 1 0 4 
D A T E 1 2 / 1 0 / 9 7 1 1 / 1 0 / 9 7 1 0 / 1 0 / 9 7 9 / 1 0 / 9 7 7 / 1 0 / 9 7 7 / 1 0 / 9 7 6 / 1 0 / 9 7 5 / 1 0 / 9 7 4 / 1 0 / 9 7 3 / 1 0 / 9 7 2 / 1 0 / 9 7 1 / 1 0 / 9 7 
T U R B I D I T Y 7 . 2 8 7 . 2 6 .7 2 . 7 13 .2 5 0 14 .7 3 1 . 4 4 3 . 5 2 2 . 5 12.8 
A M M O N I A 
C H L O R I D E 7 .5 7 6 .7 9 . 9 12.1 4 . 6 3 . 6 5 3 . 7 4 . 6 5 5 .4 
I R O N 0 . 9 9 5 0 . 0 3 0 0 0 0 . 0 4 2 0 . 0 7 9 0 . 0 4 6 0 . 3 1 2 0 . 1 1 9 0 . 0 8 2 0 . 0 7 9 
D A T E 1 2 / 1 0 / 9 6 1 1 / 1 0 / 9 6 1 0 / 1 0 / 9 6 
T U R B I D I T Y 10.8 3 2 . 8 17 .7 
A M M O N I A 
C H L O R I D E 5 . 6 6 .3 6 .3 
IRON 0 . 1 1 4 0 . 2 3 1 0 . 0 4 3 
D A T E 9 / 1 0 / 9 2 8 / 1 0 / 9 2 7 / 1 0 / 9 2 5 / 1 0 / 9 2 4 / 1 0 / 9 2 3 / 1 0 / 9 2 2 / 1 / 9 2 1 / 1 0 / 9 2 
T U R B I D I T Y 8 . 5 6 7 . 2 1 6 . 5 9 5.1 6 . 9 3 4 9 . 5 7 . 9 18 
A M M O N I A 0 0 . 0 5 0 0 . 0 7 0 . 0 4 
C H L O R I D E 9 . 5 9 4 . 4 2 1 4 . 9 8 6 . 0 9 4 . 7 9 11 .2 5 . 9 3 
IRON 0 . 0 4 7 0 . 4 7 6 0 . 0 2 0 . 0 6 0 . 2 1 0 . 0 7 0 . 1 3 
D A T E 1 2 / 1 0 / 9 1 1 1 / 1 0 / 9 1 1 0 / 1 0 / 9 1 9 / 1 0 / 9 1 8 / 1 0 / 9 1 7 / 1 0 / 9 1 6 / 1 0 / 9 1 5 / 1 0 / 9 1 4 / 1 0 / 9 1 3 / 1 0 / 9 1 2 / 1 0 / 9 1 1 / 1 0 / 9 1 
T U R B I D I T Y 11.5 4 . 9 3 .7 3 .7 3 . 2 4 . 0 9 8 . 8 10 .8 4 4 . 2 10 .9 13 14.5 
A M M O N I A 0 0 . 0 3 0 . 0 4 0 . 0 6 0 . 0 4 0 . 0 4 0 0 0 . 0 5 0 0 0 
C H L O R I D E 4 . 8 6 6 .01 2 3 . 3 2 2 4 . 9 5 1 6 . 8 6 8 . 6 3 1 0 . 7 3 16 .8 5 . 7 3 5 . 7 5 4 . 4 4 . 6 
I R O N 0 . 0 3 0 . 1 1 0 . 0 2 0 . 0 6 0 . 0 4 0 . 0 3 0 . 0 4 0 . 0 4 0 . 1 1 0 . 0 7 0 . 1 6 0 . 0 8 
D A T E 1 2 / 1 0 / 9 0 1 1 / 1 0 / 9 0 1 0 / 1 0 / 9 0 9 / 1 0 / 9 0 8 / 1 0 / 9 0 7 / 1 0 / 9 0 6 / 1 0 / 9 0 5 / 1 0 / 9 0 4 / 1 0 / 9 0 3 / 1 0 / 9 0 
T U R B I D I T Y 11.8 11.1 6 . 2 3 . 2 1 .83 3 . 2 1 7 . 4 6 . 7 3 . 4 2 0 . 4 
A M M O N I A 0 0 0 . 0 5 0 . 0 4 0 . 0 6 0 . 0 3 0 
C H L O R I D E 6 . 2 8 .4 13.1 2 0 2 1 . 7 19 .2 12 .3 6 . 8 9 . 8 9 .5 
I R O N 0 . 0 4 0 . 0 7 0 . 1 2 0 . 0 3 0 . 0 3 0 . 0 2 0 . 1 2 0 . 1 3 0 . 1 4 0 . 3 6 
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CTI Survey Data 1990-6 
Actinonaias ligamentina Populations 
DATE Site 1 Site 2 Site 3 
8/16/90 74 9 16 
8/16/91 82 8 9 
7/22/93 61 34 51 
8/19/94 27 23 10 
9/7/95 83 24 52 
9/4/96 94 29 55 
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Instrumentation Used for Analytes in a Specific Matrix 
Compound or Element Lipid Nacre Soft Tissue Water Sediment 
Benzo (a) Pyrene GC-MS — — — — 
Benzo (b) Fluoranthene GC-MS — — — — 
Dibenz (a) Anthracene GC-MS — — — — 
Benzo (a) Anthracene GC-MS — — — — 
Benzo (k) Fluoranthene GC-MS — — — — 
Indeno (1,2,3-cd) Pyrene GC-MS — — — — 
Benzo (g,h,I) Perylene GC-MS — — — — 
Phenanthrene GC-MS — — — — 
Fluoranthene GC-MS — — — — 
Chrysene GC-MS — — — — 
Anthracene GC-MS — — — — 
Napthalene GC-MS — — — — 
2-Metylnapthalene GC-MS — — — — 
Acenapthylene GC-MS — — — — 
Fluorene GC-MS — — — — 
PCB 1 GC-MS — — — — 
PCB 5 GC-MS — — — — 
PCB 29 GC-MS — — — — 
PCB 50 GC-MS — — — — 
PCB 77 GC-MS — — — — 
PCB 87 GC-MS — — — — 
PCB 104 GC-MS 
— — — — 
PCB 154 GC-MS — — — — 
PCB 188 GC-MS — — — — 
PCB 201 GC-MS — — — — 
PCB 208 GC-MS — — — — 
PCB 209 GC-MS — — — — 
alpha-BHC GC-MS — — — — 
beta-BHC GC-MS — — — — 
gama-BHC GC-MS — — — — 
delta-BHC GC-MS — — — — 
Heptachlor Epoxide GC-MS — — — — 
p,p'-DDE GC-MS — — — — 
p,p'-DDT GC-MS — — — — 
p,p '-DDD GC-MS — — — — 
Aldrin GC-MS — — — — 
Dieldrin GC-MS — — — — 
Endosulfan I GC-MS — — — — 
Endosulfan II GC-MS — — — — 
Endosulfan Sulfate GC-MS — — — — 
Methoxychlor GC-MS — — — — 
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Aluminum — — — — EDS 
Ammonia — — — HACH — 
Cadmium — ICP-MS ICP-MS HACH — 
Calcium — — — — EDS 
Chloride — — — HACH — 
Chromium — ICP-MS ICP-MS/AES HACH — 
Copper — ICP-MS ICP-AES HACH — 
Cyanide — — — HACH — 
Iron — ICP-MS ICP-AES HACH EDS 
Lead — ICP-MS ICP-MS HACH — 
Mercury — CV CV/ICP-MS CV — 
Nickel — ICP-MS ICP-MS HACH — 
Pottasium — — — — EDS 
Silicon — — — — EDS 
Siliver — ICP-MS ICP-MS HACH — 
Sodium — — — — EDS 
Strontium — ICP-MS ICP-AES — — 
Titanium — — — — EDS 
Zinc 
— 
ICP-MS ICP-AES HACH — 
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ORGANIC QA/QC 
Listed below are additional procedural variations included for QA/QC purposes or 
use and calibration of the Varian 3400 Gas Chromatograph w/ Mass Spectrometer. 
QA/QC 
Quality Assurance/Quality Control procedures used during analysis: 
1) A procedural blank consisting of dichloromethane, a matrix spike consisting of 40 
(-iL of an aromatic hydrocarbon (AH) spike solution (SUPELCO) (40 jj,g/mL 
Benzo(a)anthracene, Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(a)pyrene, 
Indeno(l,2,3-cd)pyrene, Dibenz(a)anthracene, Benzo(g,h,i)perylene, Phenanthrene, 
Anthracene, Fluoranthene, Pyrene, Chrysene, Napthalene, Acenapthylene, 
Acenapthene, and Fluorene), 10 |iL of a pesticide (PES) spike solution (ULTRA) 
(250 fj.g/mL a , P, 8 and y - BHC, Heptachlor epoxide, p,p'-DDE, p,p'-DDT, p,p'-
DDD, Aldrin, Dieldrin, Endrin, Endrin aldehyde, Endosulfan I, Endosulfan II, 
Endosulfan Sulfate, and Methoxychlor) and 40 \xh of a PCB spike solution 
(ULTRA) (10-60 |^g/mL PCB 1, 5, 29, 50, 77, 87, 104, 154, 188, 201, 208, and 
209). 
2) Triplicate analysis of one sample. 
3) Analysis of the CRM (Appendix F). 
4) Use of Internal Standards. Surrogate spikes - 20 \iL AH (SUPELCO) (100 ^g/mL 
of 1,2,4-Trichlorobenzene, 2,4-Dinitrotoluene, Pyrene) and 20 PES (SUPELCO) 
(100 p.g/mL ofy - Chlordane), Internal spikes - 50 AH (SUPELCO) (100 |^g/mL 
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ofNitrobenzene-D5, Fluorobiphenyl, p-Terphenyl-D14), and 50 fiL PES 
(SUPELCO) (100 jig/mL of Endrin). 
Cleaning of glassware: 
1) Washed and rinsed with detergent. 
2) Rinsed with Methanol. 
3) Dried at 120° C for 1 hour. 
4) Rinsed with DCM before use (in Teflon wash bottle). 
GC INFO 
GC settings: 
PAH's - Initial Oven Temp: 40°C, Hold: 1 minute, Ramp 1: 6°C/min to 290°C, 20 
minutes, Injector: 250°C, Detector:350°C 
Organochlorides - Initial Oven Temp: 50°C, Hold: 1 minute, Ramp 1: 25°C/min to 
100°C, Ramp 2: 5°C/min to 300°C, Hold: 5 minutes, Injector: 250°C, Detector: 300°C 
Calibration procedure: 
1) Three concentrations of AH, PES, and PCB calibration solutions were analyzed. 
AH - 40, 4, 0.4 i-ig/mL, PES - 250, 25, 2.5 |ig/mL, PCB -10, 1, 0.1 |ag/mL 
2) Slopes were determined for these calibrations and used to determine analyte 
concentrations. This method was chosen over the response factor method to improve 
detection limits of the GC-MS. A qualitative assessment was also used to determine 
approximate concentrations of analytes, which exhibited a signal to noise ratio less 
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than 3:1. One fifth of the concentration at the level where the calibration value could 
not be quantitatively determined was used. 
3) Minimum quantitative and qualitative instrumental detection limits were 
determined 
for all analytes during calibration. 
4) During analysis analyte peaks were determined to exist qualitatively and not 
quantitatively, if they existed above the level of the background such that they were 
in the upper 10% of the mass and they exhibited less than a 3:1 signal to noise ratio. 
5) The internal standards were used to determine the percentage recovery of the 
analytes. 
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Elemental Analysis Procedure (EPA Method 3052) 
At Notre Dame samples were prepared in a Class 1000 clean lab. 10 mL Teflon 
beakers were pre-cleaned by washing with soap and water and soaking in double distilled 
nitric acid solution for a week. A procedural blank with acid washed Ottawa sand was 
used through the entire homogenization procedure and a procedural blank for the nacre 
and soft tissue digestion was used for Quality Control (QC). A sample was also partially 
digested for QA/QC purposes. The samples were mass digested on hotplates in the 
Teflon beakers. 0.2 g of was sample was weighed, and digested in either 7.5 mL of 
double distilled Nitric Acid and 0.5 mL of 30% Hydrogen Peroxide overnight at 100°C 
for the soft tissue, or 5.0 mL of double distilled nitric acid at 60°C for 6 hours (the sand 
control and BHVO-1 RM were digested in an additional 2.5 mL). This should have 
broken down all the materials present and stabilized the more volatile metals. The acid 
was then evaporated and the samples were digested again in 1 mL of double distilled 
nitric acid and 10 mL 18 mQ HzO for 30 minutes at 100°C. The samples were then 
diluted to 25 mL in 60mL LDPE bottles. Before analysis on ICP-MS the nacre samples 
were again diluted 10 to 1. In order to determine Ca concentrations in soft tissue the soft 
tissue samples were diluted 10 to 1 and run on the ICP-AES. Final concentrations were 
determined for all solutions. 
The following steps were taken for QA/QC during ICP analysis: 
1) Internal standards were run with all samples. The internal standards were a 10 ppb 
spike of Sc, Be, Tb, In, Y, Tl. With ICP-AES only a 10 ppb Y spike could be used. 
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2) For every six samples a 10 ppb standard composed of Fe, Hg, Cd, Ni, Sr, Pb, Ag, Zn, 
Cu, Cr, Ca and a blank were analyzed. 
3) A calibration set composed of a 0.1, 0.5, 1,10, 50, and a 90 ppb solution was used for 
the soft tissue and nacre ICP-MS run. A calibration set composed of 1, 5,10, 100, 500, 
1000, and 10,000 ppb was used for the soft tissue ICP-AES run. 
4) For the soft tissue the NIST 1577b and 8414 SRM's were analyzed. For the nacre the 
USGS BHVO-1 was analyzed (Appendix F). 
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Certified Reference Materials (CRM's) Used For Organic and Elemental Analysis 
Name Matrix Agency Compounds 
I A E A - 1 4 2 / T M Mercury, Methyl Mercury in Mussel Homogena te I A E A T H g , C H 3 H g 
I A E A - 1 4 2 / O C Mussel Homogena te I A E A 20 PCB's , Pesticides, 
Hydrocarbons 
B H V O - 1 Hawai ian Basalt U S G S 60+ Trace Elements 
N I S T 1 5 7 7 b Bovine Liver N I S T 25 Trace Elements 
N I S T 8 4 1 4 Bovine Muscle N I S T 32 Trace Elements 
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Trace Metal Concentration in Fine Sediments 
SITE Trace Metal Concentration (%) 
Al Ca Co Cu Fe K Mg Mn Na Ni O Si Ti Zn 
Control 34.94 2.78 nd nd nd 4.28 5.94 nd 2.01 nd abs 50.05 nd nd 
1 5.24 nd 1.59 2.99 7.87 nd nd 1.76 nd 1.73 40.43 31.27 1.63 2.89 
2 5.88 nd nd 1.08 4.01 2.87 nd nd nd nd 46.39 36.66 nd nd 
3 4.94 nd nd 1.25 5.33 1.76 nd nd nd nd 48.01 33.89 nd nd 
4 5.3 nd nd nd 3.69 1.83 nd nd nd nd 49.3 37.43 nd nd 
5 6.35 nd nd nd 3.12 1.07 nd nd nd nd 50.89 36.32 nd nd 
NS 5 4.49 nd nd 1.4 3.08 nd nd nd nd nd 47.24 39.4 nd nd 
Nd indicates that concentrations were below detection limits. Abs indicates the element 
was absent from the spectrum of analytes. 
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Organic Contaminants 
SAMPL 
E 
SITE % Lipid PAH In Tissue (ng/g) Organochloride Pesticide In Tissue (ng/g) 
BBF BKF BAP ABHC DBHC GBHC END ME 
11 1 6.49 nd nd nd 41 nd 41 417 167 
12 1 5.6 nd nd nd 89.7 nd 89.7 nd nd 
21 2 4.59 nd nd nd 617 nd 617 6170 nd 
22 2 6.27 nd nd nd 217 nd 217 nd nd 
31 3 1.39 5.93 5.93 nd 3770 nd 727 449 nd 
41 4 6.49 nd nd nd 616 nd 411 846 nd 
42 4 10.54 nd nd nd nd nd nd nd nd 
51 5 4.55 nd nd 43.9 897 53 576 527 nd 
52 5 11.19 nd nd nd nd nd nd nd nd 
Nd denotes that the concentrations were below minimum detection limits, which were 
between 10-110 ng/g for PAH's and 250-2500 ng/g for Organochloride pesticides. 
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Trace Metals in Soft Tissue (ppb) 
SITE Ag Soft Tissue (ICP-MS) Cd Soft Tissue (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 3385.5 498.61 1466.002 1064.089 6 4134.365 2965.52 3429.969 422.932 
2 5 4837.21 589 2431.275 1610.67 5 5478.44 2643.38 3672.085 1285.913 
3 1 410.92 410.92 410.92 1 1960.32 1960.32 1960.32 
4 6 2014.37 471.51 1094.61 654.307 6 4532.61 2319.4 3299.83 971.329 
5 6 2255.21 994.98 1422.282 481.155 6 6063.31 2939.83 3814.267 1147.022 
Haynes 2 
-
Haynes 
11 
- -
Haynes 
12 
- - -
SITE Cr Soft Tissue (ICP-MS) C r Soft Tissue (ICP-AES) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 2.37E+04 4.62E+03 9.75E+03 7.05E+03 6 nd nd nd -
2 5 8.33E+03 2.81E+03 4.91E+03 2.23E+03 5 nd nd nd 
3 1 7.31E+04 7.31E+04 7.31E+04 1 nd nd nd 
-
4 6 1.10E+04 3.36E+03 6.74E+03 2.58E+03 6 nd nd nd 
5 6 3.10E+04 4.19E+03 1.22E+04 9.91E+03 6 4.28E+04 0.00E+00 7.13E+03 1.75E+04 
Haynes 2 
- - - - - - -
Haynes 
11 
- - - -
Haynes 
12 
SITE Cu Soft Tissue (ICP-AES) Hg Soft Tissue (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 7.40E+05 1.20E+04 3.75E+05 3.01E+05 6 385.64 226.54 272.3 58.636 
2 5 5.03E+05 0.00E+00 1.49E+05 2.09E+05 5 557.07 227.74 357.319 122.357 
3 1 nd nd nd 1 305.13 305.13 305.13 
4 6 5.67E+05 0.00E+00 2.26E+05 2.61E+05 6 386.18 214.2 264.017 63.806 
5 6 1.54E+06 0.00E+00 3.07E+05 6.12E+05 6 456.98 276.29 347.33 67.169 
Haynes 2 
- -
Haynes 
11 
-
Haynes 
12 
SITE Hg Soft Tissue (Cold Vapor) Fe Soft Tissue (ICP-AES) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 299 85 217 78.991 6 1.66E+06 6.93E+05 1.01E+06 3.92E+05 
2 5 416 187 284.2 83.697 5 1.55E+06 8.27E+05 1.19E+06 2.71E+05 
3 1 109 109 109 1 8.45E+06 8.45E+06 8.45E+06 
4 6 348 132 253 80.925 6 1.45E+06 3.56E+05 9.69E+05 3.96E+05 
5 6 351 102 208.33 110.332 6 2.58E+06 5.74E+05 1.40E+06 7.00E+05 
Haynes 2 
- - - -
Haynes 
11 
- - - -
Haynes 
12 
- -
100 
SITE Ni Soft Tissue (ICP-MS) Pb Soft Tissue (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 2.39E+04 1.15E+04 1.55E+04 4.63E+03 6 1576.02 915.34 1193.792 247.679 
2 5 1.66E+04 8.96E+03 1.35E+04 3.37E+03 5 1384.29 740.93 968.042 276.849 
3 1 5.03E+04 5.03E+04 5.03E+04 1 8252.94 8252.94 8252.94 
4 6 1.83E+04 1.30E+04 1.57E+04 1.93E+03 6 1099.82 567.39 988.972 208.113 
5 6 2.95E+04 1.78E+04 2.15E+04 4.26E+03 6 2029.03 625.36 1284.498 552.604 
Haynes 2 
- - - - -
Haynes 
11 
- -
Haynes 
12 
- - -
SITE Sr Soft Tissue (ICP-AES) Zn Soft Tissue (ICP-AES) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 3.76E+04 1.76E+04 2.42E+04 7.74E+03 6 4.52E+05 1.18E+05 2.74E+05 1.17E+05 
2 5 3.88E+04 1.40E+04 2.78E+04 1.13E+04 5 4.52E+05 1.58E+05 3.36E+05 1.29E+05 
3 1 1.08E+04 1.08E+04 1.08E+04 1 6.72E+04 6.72E+04 6.72E+04 
4 6 3.18E+04 1.62E+04 2.22E+04 5.70E+03 6 5.17E+05 9.73E+04 2.87E+05 1.43E+05 
5 6 5.96E+04 2.48E+04 3.52E+04 1.33E+04 6 6.18E+05 1.03E+05 3.16E+05 1.92E+05 
Haynes 2 
- - - -
Haynes 
11 
- - -
-
Haynes 
12 
- - -
- -
Concentrations that were below the detection limits were represented by nd. Minimum 
detection limits were 100 ppb for ICP-MS samples and 1000 ppb for ICP-AES. 
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Trace Metals in Nacre (ppb) 
SITE Ag Nacre (ICP-MS) Cd Nacre (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 nd nd nd 0 6 nd nd nd 
2 5 nd nd nd 0 5 nd nd nd 
3 1 nd nd nd 1 nd nd nd 
4 6 nd nd nd 0 6 nd nd nd 
5 6 nd nd nd 0 6 nd nd nd 
Haynes 2 3 nd nd nd 0 3 240.321 nd 150.121 130.887 
Haynes 11 1 nd nd nd 1 191.714 191.714 191.714 
Haynes 12 3 „ A LLU nd nd 0 3 1 n n n n z . ? 11 nd 44.324 76.771 
SITE Cr Nacre (ICP-MS) Cu Nacre (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 nd nd nd 6 173.359 nd 28.893 70.773 
2 5 nd nd nd 5 nd nd nd 
-
3 1 nd nd nd 
-
1 nd nd nd 
4 6 nd nd nd 6 nd nd nd 
-
5 6 146.931 nd 24.289 59.984 6 nd nd nd 
Haynes 2 3 418.934 263.653 351.16 79.499 3 nd nd nd 
Haynes 11 1 288.001 288.001 288.001 1 nd nd nd 
-
Haynes 12 3 171.57 344.102 255.559 86.356 3 nd nd nd 
SITE Hg Nacre (Cold Vapor) Ni Nacre (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 8 3 5.167 1.941 6 3571.902 2863.677 3195.04 257.76 
2 5 8 3 5.6 2.074 5 3124.145 2789.699 2973.417 141.878 
3 1 17 17 17 1 3384.943 3384.943 3384.943 
4 6 15 3 8.833 4.708 6 3308.888 2391.896 2944.234 314.356 
5 6 10 1 6 3.225 6 3381.123 1390.827 2689.414 720.483 
Haynes 2 3 30 23 26.667 3.512 3 3355.826 2953.839 3212.151 224.175 
Haynes 11 1 27 27 27 1 3344.972 3344.972 3344.972 
Haynes 12 3 98 44 70.333 27.025 3 3359.758 2706.688 3064.665 331.047 
SITE Pb Nacre (ICP-MS) Sr Nacre (ICP-MS) 
N Max Min Mean Std. Dev. N Max Min Mean Std. Dev. 
1 6 161.937 nd 26.99 66.111 6 4.53E+05 3.76E+05 4.00E+05 2.80E+04 
2 5 1920.71 nd 411.464 845.765 5 5.62E+05 3.80E+05 4.87E+05 7.76E+04 
3 1 nd nd nd 
-
1 3.60E+05 3.60E+05 3.60E+05 
4 6 1033.257 nd 218.285 414.383 6 5.59E+05 2.97E+05 4.62E+05 8.35E+04 
5 6 121.452 nd 20.242 49.583 6 5.59E+05 2.54E+05 4.52E+05 1.07E+05 
Haynes 2 3 218.423 nd 72.808 126.106 3 2.69E+05 2.53E+05 2.59E+05 8.93E+03 
Haynes 11 1 nd nd nd 1 2.94E+05 2.94E+05 2.94E+05 
Haynes 12 3 141.704 0 91.418 79.302 3 2.36E+05 2.17E+05 2.27E+05 9.09E+03 
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SITE Zn Nacre (ICP-MS) 
N Max Min Mean Std. Dev. 
1 6 1336.832 nd 257.756 535.251 
2 5 290.818 nd 89.25 131.25 
3 1 nd nd nd 
4 6 nd nd nd 
5 6 nd nd nd 
-
Haynes 2 3 3195.092 2048.994 2492.946 615.129 
Haynes 11 1 2926.909 2926.909 2926.909 
Haynes 12 3 1062.493 746.383 917.533 159.674 
Concentrations above or below detection limits are denoted by nd. Minimum detection 
limits were 100 ppb for all samples run on ICP-MS, except for Iron, which had a 
maximum detection limit of 600 ppm. 
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APPENDIX K 
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National Recommended Water Quality Criteria 
Pollutant Freshwater (ug/L) Saltwater (ug/L) Consumption (ug/L) 
CMC 
(Maximum) 
CCC (Continuous) CMC 
(Maximum) 
CCC (Continuous) Water + Organism Organism 
Silver 3.4 
— 
1.9 
— — — 
Cadmium 1.0 0.15 40 8.8 
— — 
Chromium IV 16 11 1100 50 
— — 
Chromium III 570 74 
— — — — 
Copper 13 9 4.8 3.1 1300 
— 
Mercury 1.4 0.77 1.8 0.94 0.05 0.051 
Iron 
— 
1000 
— 
300 
— — 
Nickel 470 52 74 8.2 610 4600 
Lead 65 2.5 210 8.1 
— — 
Strontium 
— — — — — — 
Zinc 120 120 90 81 9100 69000 
BBF 
— — — — 
0.0044 0.0049 
BKF 
— — — — 
0.0044 0.0049 
BAP 
— — — — 
0.0044 0.0049 
aBHC — — — — 0.0039 0.013 
SBHC — — — — — — 
YBHC 0.95 — 0.16 — 0.019 0.063 
Endosulfan 0.22 0.056 0.034 0.0087 110 240 
Methoxychlor 
— 
0.03 
— 
0.03 100 
— 
106 
GLOSSARY OF TERMS 
ADSORPTIVE - The phase during which molecules adhere in an extremely thin layer to 
the surfaces of larger particles with which they are in contact. 
ANALYSIS OF VARIANCE (ANOVA) - A broad class of techniques for identifying 
and measuring various sources of variation within a collection of data. 
ANTIOXIDANT ENZYMES - Inhibit oxidation or reactions promoted by oxygen or 
peroxides. 
BIO ACCUMULATION - The tendency of substances to accumulate within an organism. 
BIO ASS AY - The determination of the relative strength of a contaminant by comparing 
its effect on a test organism with that of a standard preparation. 
BIOASSESSMENT - The use of organisms to determine the relative health of an 
environmental compartment such as the reach of a stream. 
BIOCONCENTRATION - The tendency for some substances to concentrate with each 
trophic level. 
BIOCONCENTRATION FACTOR (BCF) - An estimate of the capacity of an organism 
to concentrate substances above the levels found in the environment. 
BIOINDICATOR - An organism used for the determination of the health of a particular 
environmental compartment. 
BIOLOGICAL OXYGEN DEMAND (BOD) -The oxygen used in meeting the metabolic 
needs of aerobic microorganisms in water rich in organic matter. 
BIOTRANSFORMATION - The transformation of substances within a living system. 
(BODY) BURDEN - The total concentration of a contaminant an individual organism or 
tissue. 
CANONICAL DISCRIMINANT ANALYSIS (CDA) - A procedure for identifying 
boundaries between groups of objects, boundaries being defined in terms of the 
variables which distinguish the objects in prospective groups. 
CARBONATE PHASE - The point at which a particular element is transported as a 
carbonate compound. 
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CERTIFIED REFERENCE MATERIAL (CRM) - A sample that has been prepared and 
preserved and the contaminant concentration in it certified through rounds of 
analysis. It is used in analytical quality assurance programs to validate analytical 
procedures. 
COLD VAPOR - An analytical method, which uses atomic adsorption techniques to 
liberate mercury present in samples into a gaseous state. The vapor is then carried 
through a cell where concentrations can be measured with spectrophotometry. 
COMPARTMENT - The particular component from which the contaminant is recovered, 
one that demonstrates characteristics different from the others. 
DECAPOD - Characterized by terminal claws of the first three of five pairs of thoracic 
appendages and a branchial chamber enclosed by a carapace. Include shrimp and 
crayfish. 
DISTURBANCE - An ecological term describing an event caused when the environment 
is exposed to contaminants or malevolent factors. 
EQUILIBRIUM PARTITIONING - A diffusive process maintaining the balance 
between contaminant concentrations in tissue and those in the environment. When 
contaminant concentrations in the environment decrease, tissue concentrations 
decrease. 
EXCHANGEABLE - A point in transport when a substance can move from one surface 
to another. 
FERRETIN - An iron transporting protein. 
FLOTATION METHOD - A method using water to remove buoyant remains from 
debris that is being sorted through. 
FULVIC ACID - A class of natural acidic organic polymers found in the aquatic 
environment. They are soluble in strong acid and are a loose assembly of aromatic 
polymers with many carboxyl groups. They are reactive with metals especially 
Iron(III), Aluminum(III), and Copper(II) and originate as a product of microbial 
metabolism. 
GAS CHROMATOGRAPHY - An analytical method for which a sample mixture is 
vaporized and injected into a non-reactive stream of gas moving through a column 
containing a stationary phase composed of a liquid or particulate solid. The sample is 
separated into component compounds according to their affinity for the stationary 
phase. 
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GASTROPOD - Characterized by a muscular foot, distinct head region, and visceral 
mass with a fleshy mantle covering the viscera, which secretes a univalve shell. 
Include snails. 
GRAB SAMPLE - Obtained by recovery of a substance from a single point in the 
selected media, usually in a non-reactive container. 
HUMIC ACID - A class of natural acidic organic polymers found in the aquatic 
environment. They are insoluble in strong acid and can be characterized as a loose 
assembly of aromatic polymers of varying acidity and reactivity. They react strongly 
with transition elements, heavy metals, organochloride pesticides and PAH's. 
IMPACT - An ecological term describing the effects of contaminants or malevolent 
factors upon the environment. 
INDICATOR SPECIES - An organism useful in the determination of the toxicity in or 
health of an aquatic environment. 
INTER COUPLED PLASMA - An analytical instrument that uses argon plasma to 
volatilize, atomize and ionize the sample. 
INTERNATIONAL BIOSPHERE RESERVE - Areas of terrestrial and costal 
ecosystems promoting solutions to reconcile the conservation of biodiversity with its 
sustainable use. Established by UNESCO's Man and the Biosphere Program (MAB). 
ISOPOD - Characterized by seven pairs of thoracic legs for movement with the first two 
modified for handling food and the posterior legs longer than the front, and a 
brooding chamber for carrying young until highly developed. Include sow bugs. 
LANDUSE - The importance a particular piece of land has; whether it is urban, 
agricultural, forest or riparian. 
LATTICE (METAL) - A metal with a regular geometric arrangement. Also referred to 
as particulate metals. 
LINDANE - A form of Hexachlorocyclohexane once used as an insecticide on fruit and 
vegetable crops and a forestry product, which is no longer produced or used in the 
United States due to extremely toxic nature. Occasionally used in soaps. 
LIPOFUSCIN - An insoluble granular material used for binding metals in mussels. 
MATRIX - The type of natural material in which the analytes are enclosed. 
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METALLOTHIONEIN - Sulfur containing proteins, which are important to metal 
transport in a living organism. 
MIDDEN - A prehistoric refuse heap, consisting chiefly of edible mussel shells 
intermingled with other evidence of human occupation. 
MIXEDFUNCTION OXYGENASE SYSTEM (MFO) - Responsible for the metabolism 
of endogenous and xenobiotic organic compounds and therefore oxyradical 
generation. Composed of cytochrome P450, "418" peak, and NADPH - cytochrome 
c[P450] reductase. Activity can be used to monitor contaminant exposure in mussels. 
NACRE - The hard pearly iridescent substance forming the inner layer of the mussel 
shell. Also known as the aragonite layer. 
ORGANOCHLORIDE - An organic compound with the halogen chlorine as a 
component. The class of compounds containing organochlorine pesticides, and 
PCB's. 
OXYRADICAL - A superoxide anion radical, 0 2 , produced by the reduction of 02 . 
This is a potentially toxic reactive oxygen species. 
POINT BAR - Deposits on a bend in a river formed by a drop in water velocity. 
POLYAROMATIC HYDROCARBON (PAH) - A class of organic compounds 
composed of at least one aromatic ring and formed by the incomplete combustion of 
fossil fuels, garbage, and other organic materials. 
POLYCHAETE - A worm characterized by a body divided into metameric segments 
with muscular appendages bearing clusters of fiber called chaeta. Include rag worms, 
lug worms, bloodworms and sea mice. 
POLYCHLORINATED BIPHENYL (PCB) - Chemicals known as Aroclors, which were 
used as coolants and lubricants in electrical equipment and are no longer produced in 
the United States. 
PREDATION - The pursuit capture and killing of animals for food. 
PRINCIPAL COMPONENT ANALYSIS (PCA) - A data reduction technique, which is 
a set of procedures for removing the redundancy from a set of correlated variables 
and representing the variables with a smaller set of derived variables, or factors. 
Each factor or component is viewed as a weighted combination of input variables, 
with as many derived components as variables. 
REDUCIBLE PHASE - A stage in transport at which the oxidation state is lowered. 
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SEMIPERMEABLE MEMBRANE DEVICE (SPMD) - Consists of nonporous 
polyethylene tubing filled with a small volume of purified lipid such as triolein. This 
passively stimulates the bioconcentration of dissolved bioavailable compounds 
including organochloride pesticides, polychlorinated biphenyls and polycyclic 
aromatic hydrocarbons across a membrane. 
SHELL MATRIX -The calcium carbonate structure of the shell nacre, in which trace 
elements are enclosed. 
SPHAERID MUSSEL - Characterized by small size, thin fragile shells and true cardinal 
teeth. Include Asiatic Clams (Corbicula) and Zebra Mussels (.Dreissena). 
STREAM ORDER - Determined by the number of tributaries that flow into a particular 
stream. A number used to represent size and flow of the stream. 
SUBSTRATUM - The biologically important layer between the water column and 
sedimentary deposition. 
TISSUMIZER - A grinder that has been specially designed to homogenize tissue. 
TOTAL SUSPENDED SOLIDS (TSS) - The concentration of particulates that are in the 
water and do not precipitate from solution, as determined from a water sample. 
WORLD HERITAGE SITE - Properties, which fit the criteria established by UNESCO's 
World Heritage Convention. They have natural features consisting of an 
"outstanding universal value from the aesthetic or scientific point of view." They 
also have all or most of the key interrelated or independent elements from their 
natural relationships. Natural and Cultural World Heritage Sites include 620 
locations world-wide. 
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Figure 1 - An Arcview GIS constructed map of the sampling area. Green 
denotes forested areas, while white indicates areas of agricultural landuse. This 
map is constructed from 1953 landuse data, but more recent data shows little 
transition. 
123 
Figure 2 - Actinonaias ligamentina (Cummings and Mayer 1992). 
124 
Figure 3 - An Actinonaias ligamentina shell valve recovered from Haynes shell 
midden. 
125 
Figure 4 - This is the riffle found at Site 2. It is typical for those found in the 
sampling area. 
126 
Figure 5 - Thin section of an Actinonaia ligamentina shell showing the nacreous 
layer (NL), the prismatic layer (PL), the myostracum (MYO), and peristracum 
(PER). 
127 
Figure 6 - An illustration of which annuli were counted as continuous bands. 
128 
Figure 7 - This photograph indicate how continuous bands were counted on a 
complete thin section of nacreous shell. 
129 
Figure 8 - The same thin section being counted to the prismatic layer. 
130 
Figure 9 - Internal bands as counted in the beak of a midden shell. Note the 
excellent preservation 
131 
Figure 10 - Internal bands in the mantle of the same midden shell. Heavy 
dissolutioning has occurred in the shell, indicated by HVY DIS. 
132 
Figure 11 - A view of the whole thin section. 
133 
Figure 12 - This is another illustration of how continuous bands had to be 
counted in midden shell thin sections. This mussel was aged at 10 years. 
134 
Figure 13 - This is the same cross section as used in Figure 12, with continuous 
bands being counted from the middle of the nacre. Note the difference in the 8 
bands being counted here and the 10 in the umbo. Another example of 
obliteration of bands from solutioning of the shell nacre. 
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Figure 14 - Trace metal concentrations as determined in the water column 
during sampling. 
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r v i 
Figure 15 - Scatterplot of CV I and CV II from CDA1 demonstrating relative 
differences between the mussels of the different sample sites. 
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Figure 16 - Linear representation of differences between midden and recent 
specimens along CV I from CDA2. 
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Figures 17 - Graph of mean trace element concentrations in mussel soft tissue 
by site. 
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Figure 18 - Mean trace element concentrations in mussel soft tissue by site. 
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Figure 19 - Graph of mean trace metal concentrations in nacre by site. 
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Figure 20 - Graph of mean nacre trace element concentrations by site. 
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